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SUMMARY
Hepatocyte isolation procedures were developed for tissue 
derived from Rat, Mouse, Man, Guinea pig, and Hamster.
Hepatocyte cultures were derived from the above species, 
with the exception of Man, and successfully maintained for 
four days. The cultures were assessed for the ability to 
metabolise xenobiotics, and exposed to classical inducing 
agents in vitro. Induction of the cytochrome P-450 
monooxygenase system was demonstrated following exposure to 
phenobarbitone and g-naphthoflavone, and the nature of 
induction characterised by use of specific enzyme substrates 
and inhibitors.
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1.1. Cytochrome P450
1.1.1. Historical background
In 1954 Axelrod discovered that the déméthylation of 
amines and the oxidative deamination of amphetamine by 
hepatic microsomes had a requirement for oxygen çind NADPH. 
Subsequently, Garfinkel (1958) and Klihgenberg (1958) discovered à 
microsomal carbon monoxide binding pigment, which was further 
investigated by Omura and Sato (1962, 1964a, 1964b). The 
pigment was named cytochrome P450 since in the reduced state 
it is able to combine with carbon monoxide to give a soret 
absorption peak at 450nm.
1.1.2. Function
Since its initial discovery in hepatic microsomes, 
the presence of cytochrome P450 has been demonstrated in 
most mcwrnWian tissues , including lung, skin, kidney cortex, 
blood vessels, and endocrine organs such as testes , ovary 
and adrenal glands (Wickramasingh 1975). Most commonly 
P450 occurs in the endoplasmic reticulum and mitochondria.
In addition to mammals, cytochrome P450 has been found in 
birds, fish, plants and yeasts.
Cytochrome P450 is capable of catalysing the oxidation 
of both endogenous compounds and foreign chemicals such as 
drugs, pesticides and environmental pollutants, clearly 
facilitating the further metabolism and excretion of these
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potentially harmful agents. The enzyme has an absolute 
requirement for NADPH and oxygen and is sometimes known as a 
mixed function oxidase or monooxygenase because of this 
(Mason 1957). The types of reaction catalysed include 
aromatic and aliphatic hydroxylation, N-dealkylation, 
O-dealkylation, deamination, 5-oxidation and N-oxidation 
(Paine 1981). Unfortunately as well as the beneficial 
detoxification of foreign compounds, cytochrome P450 can 
also activate chemicals to form toxic or carcinogenic 
intermediates. An example of such a reaction is provided 
by benzo(a)pyrene which is first metabolised to the.
7,8,-dihydrodiol, and then to the ultimate carcinogen the 
7, 8, 9, 10-diolepoxide. The study of the enzyme is 
therefore vital to the understanding of drug metabolism and 
toxicology.
1.1.3. Mechanism
Cytochrome P450 monooxygenases require molecular 
oxygen, from which one atom is transferred to the substrate, 
the other being released as water. In parallel NADPH is 
oxidised to NADP+. A simplified scheme describing cytochrome 
P450 mediated monooxygenase reactions is shown in fig. 1.1.
In this scheme which was first proposed by Estabrook et al. 
(1972), an organic substrate (RH) first binds to the oxidised 
cytochrome (Fe^+). This complex is reduced by an electron 
(e j^ ™) which is supplied from NADPH via the flavoprotein, 
NADPH-cytochrome P450 reductase. The reduced complex (Fe2+)
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Pig. 1.1
A simplified scheme for cytochrome P-450 mediated 
mono oxyg e n a t i on.
(From Estabrook, 1978)
R-OH
RH
2+ RH
CO
2 + RHPe
CO
* Reversible inhibition by carbon monoxide.
O i l
reacts with molecular oxygen to form an oxycytochrome P450 
complex, consisting of cytochrome, oxygen and substrate. A
further electron (e  ^ ) i-5 supplied either by cytochrome 
P4-5Q reductase, or by an NADH specific flavoprotein via 
cytochrome One molecule of water is then eliminated
and the other atom of oxygen is inserted into the substrate, 
which is released.
1.1.4. Multiplicity and induction
Cytochrome P450 has a very wide specificity for 
substrates, which in part may be explained by the existence 
of multiple enzyme forms or isozymes (Nebert 1979b). The 
first evidence of this multiplicity came from the observation 
that drug metabolism could be induced differently by at 
least two classes of compounds. (Remmer 1959, Conney and 
Burns 1959; 1962, Conney 1967). Since then several forms 
of cytochrome P450 have been purified from both induced and 
control animals, and these may be distinguished by differences 
in molecular weight, immunological response, spectral 
characteristics, and amino acid composition (Wang et al,
1983, Vlasuk et al, 1982, Guengerich et al, 1982^ Yuan 
et al. 1983).
Hepatic microsomes prepared from rats pre-treated 
with phenobarbitone or 3-methylcholanthrene (3MC) have been 
shown to contain cytochromes with differing substrate 
specificities and reduced carbon monoxide spectra (Alvares
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et ai„ 1967). The carbon monoxide absorption maxima of the 
3MC induced cytochrome was shifted to 448nm, and was assumed 
to be due to the induction of a new form of cytochrome P450 
termed cytochrome P448 or cytochrome P^450. (3-naphthoflavone 
has since been found to produce a similar induction of 
cytochrome P448 to that after 3MC exposure (Boobis et al.
1977). The induction obtained with phenobarbitone and 3MC 
is additive if both compounds are administered simultaneously 
(Bidelman and Mannering 1970). Other classes of inducing 
agent with different characteristics have since been 
investigated, including pregnenolone 16a-carbonitrile (PCN)
(Lu et al. 1972), methylene dioxyphenyl compounds (Dickens
et al. 1978, Ryans et al. 1980), Ethanol (Gadeholt 1984)
and clofibrate (Parker and Orton 1980, Orton and Parker 1982).
Further evidence for the existence of multiple cytochrome 
P430 isozymes has come from the use of inhibitors of mono­
oxygenase activity. For example ct-naphthoflavone inhibits 
the hydroxylation of benzo(a)pyrene by liver microsomes 
from 3MC treated rats, but has no effect on microsomes from 
phenobarbitone treated rats (Wiebel et al. 1971). Conversely, 
metyrapone and SKF 325A inhibit the activity of phenobarbitone 
induced microsomes. It is likely however, that this is a 
simplification, since more recent evidence has shown that 
phenobarbitone and 3MC both induce more than one isozyme, 
(Guenge/ych et al. 1982Î), and it is probable that each of 
these forms differ in their response to inhibitors. The 
apparent multiphasic kinetics of many monooxygenation
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reactions also support the concept of the multiplicity of 
cytochrome P450. Genetic studies in mice (Nebert et al. 1973), 
suggest that a specific genetic locus, termed Ah, regulates 
induction by polycyclic aromatic hydrocarbons.
The number of cytochrome P450 types that may exist 
is still as yet unclear. Guengerich et al. (1982) have 
demonstrated at least eight forms in hepatic microsomes from 
rats which were either untreated or had been exposed to 
phenobarbitone or p-naphthoflavone. Gibson et al. (1982) 
have isolated a clofibrate inducible rat isozyme, and Ryan 
et al. (1980) have purified four isosafrole induced forms, 
also from rats. It seems likely therfore that the rat 
probably has at least thirteen isozymes of cytochrome P450, 
and it is possible that this number could be much larger 
(Nebert 1979, Nebert et al. 1981). Indeed, Nebert has 
suggested that the potential number of inducible forms of 
cytochrome P450 may be as many as hundreds, or even thousands 
and that the liver may resemble the immune system in its 
ability to respond to new chemical species. It seems 
however that there is as yet /little evidence to support 
this interesting hypothesis.
One of the problems associated with the determination 
of the number and nature of cytochrome P450 types is the 
variation in techniques used by laboratories for the pur­
ification and characterisation of the isozymes, which can 
render inter-laboratory coparisons difficult. Table 1.1 
compares some of the isozymes that have been purified to 
date, which appear to be similar (Guengerich et al. 1982c).
As well as the multiplicity of cytochrome(s) P450 that 
exist within a given species, interspecies differences in 
oxidative metabolism occur. As long ago as 1956 Axelrod 
postulated that such variations in the metabolism of 
xenobiotics could be because the nature of the enzymes 
responsible differed
Hepatic cytochrome P450 has been purified from several 
species, including rat, rabbit, guinea pigs and man, and 
multiple forms have been demonstrated within each. For
014
Table 1.1
isozyme
i)
ii)
ill)
iv)
Nomenclature of rat liver cytochrome P-450 
isozymes purified by different laboratories
Nomenclature Ref
Guengerich et al.( 1982v)
Ryan et al» (1979)
West et al.(1979)
Elshottrbagy & Guzelian (1980) 
Masuda-Mikavva et al.(1979) 
Imai (1979)
Harada & Omura (1981)
Guengerich et al. (1982c)
Vlasuk et al.(1982)
Guengerich et al. (1982c) 
PCN-P-450 Elshourbagy & Guzeliau (1980)
P-450u t _f Guengerich et al. (1982c)
P-450 Ryan et al.(1979)
P-450gNpy Guengerich et al. (1982c)
P-450d Ryan et al.( 1979)
P-450HC3 Goldstein et al.( 1982)
P450 Fisher et al.(1981)
P-450 PB-3
P_450a 
P-450 'C' 
P3-P-450 
P-450 
P-450,
P-450 PB
P-450 PB-D
P-450.
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Table 1.1 (Cont'd.)
isozyme
vi)
Nomenclature
vii )
vin
P-450BNF/3
P-450c
MC-P448
P-448
P-448
P-448
P-448,
P-450
P-450
UT-A
PB-C
Ref.
Guengerich et al. (19822)
Ryan et al.(1979)
Elshourbagy à Guzelian (1980) 
Wolff et ai.(1980)
Harada & Omura (1981)
Imai (1979)
Masada-Mikawa et al.(1979) 
Guengerich et al. (1982c) 
Guengerich et a_L( 19824
Data from Guengerich et al. (1982c)
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example six isozymes have been shown in human liver 
microsomes (Wang et al. 1983), and three from 3MC treated 
guinea pigs (Abe and Watanabe 1982). The multiplicity 
of cytochrome P450 has been reviewed in greater detail by 
Lu and West (1980), and at least 15 isozymes have been 
identified in both rat and rabbit liver by immunochemical 
techniques, and amino acid sequencing (Levin et al. 1984). 
Polyclonal and monoclonal antibodies have been developed to 
purified P450 isozymes and used in ouchterlony double 
diffusion or ELISA analysis. Monoclonal antibodies have 
proved superior to polyclonal antibodies as probes of protein 
structure since they are directed against a single epitope 
(Gelboin et al.1984). These authors have reported use of 
monoclonal antibodies for quantitative determination of 
cytochrome P450 isozymes in tissue, independent of catalytic 
activity, and also, antibody based immuno purification of 
cytochromes P450.
Despite intensive research, the precise mechanism by 
which induction occurs is not yet fully elucidated, although 
it is dependent on de-novo protein synthesis, since the 
process may be stopped by actinomycin D (Gelboin and 
Blackburn 1963, Alvarez et al.1968). In parallel with 
the increased synthesis of cytochrome P450 apo-protein, 
there is an associated increase in synthesis of other 
microsomal proteins, resulting in proliferation of the 
smooth endoplasmic reticulum. It is conceivable that 
stimulation of protein synthesis could be mediated either 
at the transcriptional or translational levels.
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Procaccini and Bresnick (1975) noted increased 
acétylation of rat liver his tones following administration 
of phenobarbitone or 3-MC, and suggested that this might 
lead to a change in transcription. However, Lindell et al, 
(1977) found no evidence of increased RNA polymerase 
activity in rat liver following phenobarbitone exposure.
In 1976, Smith et al. detected increased stability of rat 
liver nucleolar ribosomal RNA following phenobarbitone 
administration, due to enhanced méthylation of this precursor 
RNA. The same group (1977) also found a difference between 
the actions of phenobarbitone and 3-MC,in that only pheno­
barbitone increased the post-transcriptional stability of 
precursor rRNA. Neither inducing agent had any effect on 
the synthesis of precursor rRNA, although they have been 
shown to enhance the translatable messenger RNA responsible 
for cytochrome P450 (Kumar and Padmanaban 1979). Pheno­
barbitone has been reported to increase leucine
incorporation into proteins by rat liver polyribosomes 
(Ragnotti and Aletti 1975), while DDT induction results in 
decreased ribosomal, inhibitory protein, and an increased 
specific activity of ribosomal elongation factor 1 (Young
and Nicholls 1978). It therefore appears that the induction
of cytochrome P450 apo-protein synthesis is complex, and 
may be mediated by several processes, although it has 
been suggested that these may be mediated via a common
agent (Paine 1978). A specific cytosolic receptor with
a high affinity for 2, 3, 7, 8-tetrachlordibenzo-p-dioxin
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(TCDD) has been reported (Guenthner and Nebert 1977), which 
is associated with the induction of aryl hydrocarbon 
hydroxylase activity (cytochrome P448). Cyclic AMP has 
been proposed as a possible intracellular mediator of 
monooxygenase induction (Manen et al. 1978).
As well as the demonstrable increase in protein 
synthesis, it is possible that inducers of cytochrome P450 
exert an effect on the degradation of the enzyme, although 
the importance of such an effect is not clear.
Increased synthesis of cytochrome P450 apo-protein 
produces an increased demand for haWm. Phenobarbitone has 
been demonstrated to cause an increase in 5-aminolaevulinic 
acid synthetase activity, the rate controlling step in hae/% 
synthesis (Giger and Meyer 1981a). However this is to be 
expected since ALA synthetase is subject to negative feed­
back control, and it is felt that haem synthesis is unlikely 
to be the initiating event in cytochrome P450 induction.
In addition to genuine inducing agents, some compounds, 
notably glucocorticoids and a-naphthoflavone, have been 
demonstrated to produce an immediate stimulation of some 
drug metabolism activities (Benford and Bridges, 1983).
The most potent of these agents is betamethasone, which 
has also been reported to activate biphenyl-2-hydroxylation 
in isolated rat hepatocytes by these workers. The 
mechanism of this activation is still as yet unclear, 
but probably reflects either an effect on the membrane 
environment of the enzyme, or a direct effect on some
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’latent’ forms of cytochrome P450.
1.1.5. Inhibition
Cytochrome P450 is subject to inhibition by diverse 
compounds. The classical inhibitor is carbon monoxide, 
which is non specific in its inhibition of cytochrome P450 
isozyipes. It exerts its effect by binding reversible to 
the Fe2+ form of the haem group (Fig. 1.1.), thus preventing 
oxygen activation.
Methylene dioxyphenyl compounds (MDP's), for example 
isosafrole, are inhibitors of monooxygenase as well as 
inducers. They act initially as a substrate, subsequently 
as a result of metabolism forming a metabolite/cytochrome 
complex which inhibits further substrate metabolism. 
Therefore MDP inhibition appears first competitive, and 
then non competitive as the cytochrome pool has been 
inactivated by complex formation (C.R. Elcombe 1976).
After induction by MDP's, the metabolite has to be displaced 
from the cytochrome by a substrate with a sufficiently high 
affinity for that isozyme in order to realise the increased 
activity.
SKF 525A preferentially inhibits the cytochrome P450 
forms which are inducible by phenobarbitone. Again the 
inhibition appears to be a result of mixed competitive and 
non competitive inhibition (Oenner and Netter 1972), but 
its most likely mode of action seems to be by competition 
for active oxygen (Netter 1973).
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Metyrapone is also an inhibitor of the phenobarbitone 
induced cytochrome P4501s (Netter et al. 1969), and is 
competitive in nature, resulting from binding of metyrapone 
to the cytochrome. Metyrapone has an activating effect on 
the metabolism of certain substrates, such as the hydroxylation 
of acetanMide in microsomes from both control and phéno­
barbital treated rats, and the hydroxylation of trichloro- 
ethylene by microsomes from phénobarbital treated rats 
(Anders 1971). The substrates effected are typically members 
of the class termed type II substrates, so called because 
of the spectral changes produced by these compounds on 
binding with reduced cytochrome P4-50. It has been proposed 
that activation effects may arise through the binding of 
metyrapone causing an intramolecular rearrangement of the 
cytochrome rendering it more active to these substrates 
(Hildebrandt et al. 1969).
a-Naphthoflavone is an inhibitor of 3-MC inducible 
cytochrome P450 activity (Wiebel et al. 1971),.; the 
mechanism of this inhibition is unclear. The differential 
inhibition probably results from binding to sites which are 
conformationally different due to structural differences 
the cytochrome types or very localised changes in the 
membrane environment.
Other cytochrome P450 inhibitors include allyl-iso- 
propylacetamid e , which forms an intermediate on metabolism, 
causing functional destruction of the enzyme (Bradshaw 
et al. 1978), sulphydryl reagents, which cause destruction
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of cytochrome P4-50 and inhibit NADPH cytochrome P450 
reductase (llling and Netter 1975), and metal ions such 
as cobalt chloride (Testa and Jenner 1981). Cobalt inhibits 
the biosynthesis of cytochrome P450, inhibits liver 5-amino- 
levulinate (ALA), synthetase activity, and reduces ALA 
incorporation into haem. Cobalt also has a second effect 
in inducing haem oxygenase, the enzyme responsible for 
oxidising cytochrome P420 to biliverdin. The inhibition 
of cytochrome P450 has been reviewed in great detail by 
the last authors.
Inhibitors of cytochrome P450 have proved useful in 
the study of multiple cytochrome P450 isozymes, and provide 
a valuable technique for characterising the nature of 
cytochrome P450 in intact cell systems. They are not 
however absolutely specific for each isozyme, and care 
must be taken in the interpretation of such data. In 
particular, when interspecies comparisons are contemplated 
it should be verified that inhibitors have similar effects 
in each species investigated.
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1.2. Hepatocytes
1.2.1. Historical background
In 1953 Anderson reported the dissociation of liver 
cells by chelation of intercellular calcium with EDTA or 
citrate. lacob and Bhargava (1962) developed a mechanical 
method for hepatocyte isolation. Cells dissociated by either 
of these methods were of limited value in that they lost 
soluble intracellular material because they did not possess 
intact plasma membranes (Green and Webb 1964). An improved 
mechanical method of cell isolation was described by Ontko 
(1967), which produced hepatocytes which remained viable for 
three hours in suspension.
Enzymic techniques for the isolation of hepatocytes 
using collagenase and hyaluronidase were developed by Howard 
and Pesch (1968), and also by Berry and Friend (1969).
These enzymatic dissociation procedures were re ported to 
be superior to mechanical methods (Hommes et al. 1970).
The isolation of hepatocytes with collagenase/hyaluronidase 
was improved by Se glen (1972), and most modern techniques 
have been developed from his methodology.
1.2.2. Viability of isolated hepatocytes
In order to assess the suitability of isolated 
hepatocytes simple, reliable and appropriate indices of 
cell viability are required. Freshly isolated hlepatocytes 
may show damage observable by light microscopy, particularly
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extrusions of the cytoplasm beyond the normal cell boundary, 
or 'blebbing'. Table 1.2. shows the commonly used indices 
of viability. Probably the most commonly applied test 
of cellular integrity is the trypan blue dye exclusion test, 
because of the ease and rapidity with which it can be 
performed. The test does give an indication of altered 
membrane permeability, and has been demonstrated to have a 
positive correlation with other parameters of membrane 
damage (Pfaff et al.1980, Baur et al. 1975, Hogberg et al.
1975), although it has been argued that it is not a valid 
index of metabolic competence (Van de Werve 1980).
An alternative parameter of membrane integrity is 
the leakage of soluble cytosolic enzymes (Zimmerman et al.
1974, Grisham 1979), for example glutamic oxalacetic 
transaminase, or lactate dehydrogenase. Intracellular 
cofactors may be measured,for example adenosine triphosphate 
(ATP) ( V&n de Werve 1980) or reduced glutathione (GSH)
(Hogberg and Kristoferson 1977, Vina et al.1978, Eklow et al. 
1981). Many other indices of cell viability have also been 
studied in isolated hepatocytes, including ^H leucine 
incorporation (Dickson and Pogson 1977), and changes in 
cell surface properties (Carlsen et al. 1981).
An important requirement for the studies reported 
here, is the ability of the isolated hepatocytes to attach 
to a growth surface and survive in culture. In addition 
the hepatocytes have to be capable of monooxygense reactions
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Table 1.2. Commonly used tests of cellular integrity
Jest Sensitivity Useful Daily
Trypan blue exclusion + Yes
Electron Microscopy ++ No
Enzyme leakage ++ No
Intracellular cofactor levels ++ No
Glueoneogenesis +++ No
Xenobiotic metabolism ++ Yes
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and subsequent conjugation of metabolites so produced. The 
ability to metabolise xenobiotics requires the presence of 
internal cofactor generation pathways, and is a good indicator 
of cell viability (Roberfroid 1980). Hepatocytes isolated 
with intact plasma membranes should not show enhanced 
monooxygenase activity in the presence of exogenous NADPH 
(Fry and Bridges 1977).
1.2.?. Isolation techniques
Enzymic isolation procedures have proved superior to 
other methods as discussed previously, and only the former 
will be d t with in this section.
In general enzymic hepatocyte isolation methods can 
be separated into two types, those which require an entire 
liver for perfusion with the enzymes, and those which 
incubate portions of the liver (e.g. slices) with an enzyme 
solution to achieve tissue digestion.
The perfusion methods for hepatocyte isolation are 
typified by those of Berry and Friend (1969) and Se glen (1972). 
The animal is anaesthetised, and the hepatic portal vein 
and vena cava are cannulated. The entire liver is then 
usually removed from the animal, and perfused via the 
portal vein first with buffers to flush out blood. These 
may include a calcium chelating agent to remove intercellular 
calcium and loosen intercellular attachment. The liver is 
then perfused with an enzyme solution usually containing
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collagenase, or collagenase/hyaluronidase. The perfusates 
have to be kept warm and oxygenated during these procedures. 
Light mechanical force, for example teasing with a glass rod, 
is often employed to finally separate the hepatocytes from 
the liver capsule.
In 1976, Fry et al. described the enzymic isolation of 
hepatocytes from rat liver slices. In this technique, the 
liver is finely sliced.by hand, and then washed in saline 
followed by saline containing a calcium chelating agent.
The slices are incubated with collagenase/hyaluronidase, 
and finally filtered and washed by gentle sedimentation.
The method of Fry et al. offers several important advantages 
over perfusion techniques. Firstly skilled surgical techniques 
are not required. The technique does not require a whole 
liver, thus a portion of liver from the same animal may be 
used for other purposes simultaneously. This also means 
that the technique is suitable for large animals where it 
might prove impractical to perfuse or obtain an entire liver. 
Finally the technique is theoretically easy to transfer to 
other species since physiological differences can have no 
effect on surgery.
Unfortunately slice techniques for hepatocyte isolation 
also have some disadvantages. Considerable slicing expertise 
is required to give cell preparations with high viabilities, 
cell yields are lower than those obtained from perfused 
preparations, and in practice the technique is difficult 
to apply to some species for reasons as yet unclear (3.R.
Fry, personal communication).
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Intact viable hepatocytes have been successfully 
isolated from many species including rat, guinea pig, 
hamster, mouse, rabbit, ferrets, dogs, chick embryos, and man 
(Fry and Bridges 1977, Knipe et al.1981, Begue et al.
1983, Althaus et al. 1979).
1.2.4. Culture of isolated hepatocytes
Enzymatically isolated hepatocytes have been maintained
as cell cultures by a variety of methods. Hepatocytes 
which retain a normal ultrastructural appearance have been 
kept as cell suspensions for up to 48 hours (Oeejeebhoy 
et al. 1975). More usually however, the hepatocytes are 
allowed to attach to a culture surface, which may be a 
floating collagen membrane or gel (Michalopoulos and Pitot 
1975, Sirica et al. 1979), or on glass or plastic surfaces 
with or without collagen coatings (Seglen 1976). Culture 
on collagen membranes is perhaps the more suitable technique 
for long term culture, as it permits a more normal cell 
architecture. Hepatocytes are reported to maintain their 
structure and function for twenty days or more in these 
conditions (Michalopoulos and Pitot 1975).
The most widely used culture technique is that of 
plating onto plastic culture flasks or dishes, which are 
sometimes collagen coated for improved attachment. Within 
three hours of plating,cells attach to the substrate surface, 
and flatten within 24 hours to form monolayers (Wanson 
et al. 1977). Bile canaliculi develop between adjacent
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cells, (Gebhardtand lung 1982), as do tight junctions.
Golgi bodies and lysosomes become aligned with the newly 
formed canalicul/ .. Such cultures are very suitable for 
metabolism studies, since they remain relatively stable for 
3-4 days,and are easily manipulated.
The mechanisms by which hepatocytes attach to culture 
surfaces are complex, and may involve electrostatic attraction, 
infiltration by the plasma membrane of surface irregularities 
in the polystyrene surface and simple or complex binding 
to protein substrata (Gjessing R. and Seglen P.O. 1980,
Rubin et al, 1981a). Attachment may be enhanced by adsorbed 
serum fibronectin (Rubin et al, 1981b). The nature of the 
protein substratum if used, has been shown to be of 
importance for the maintenance of some phenotypic character­
istics of hepatocytes in long term culture, for example 
albumin synthesis and cell shape (Bissell 1981, Rojkind 
et al, 1980).
Cell culture media vary widely in their complexity, 
and constitute an important variable affecting viability, 
and suitability of hepatocyte cultures. The requirements 
vary with species, duration of culture viability necessary, 
and the parameter being measured etc. A minimal culture 
medium must at least contain the essential amino acids in 
order to prevent protein degradation in culture (Sommercorn 
and Swick 1981, Schwarz and Seglen 1980). Of particular 
relevance is the finding that culture media composition 
can affect the ability of hepatocyte cultures to metabolise
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chemicals (Paine and Hockin 1980&,Dickens and Peterson 1980). 
Endogenous hormones, for example insulin and glucocorticoids, 
are frequently incorporated in cell culture media, and have 
a beneficial effect on the morphology and attachment of 
cultures.
Cell culture media may or may not contain serum, 
usually from foetal calves. Typically media may contain 
10-20% serum, and this has the advantage of providing trace 
nutrients and hormones, which, at least in part, approximate 
to those in vivo. Inclusion of serum in culture media 
also encourages cell attachment, a problem which as mentioned 
above may be solved in serum free systems by pre-coating 
the growth surface with collagen or fibronectin. The 
advantages of serum free media are that the medium may be 
precisely defined, and thus will not vary between batches, 
each component e.g. hormone composition is known and it is 
thus possible to investigate the effects of endogenous 
chemicals, individually, or in combination.
Finally, antibiotics are usually added to cell culture 
media to facilitate handling of cultures, and prevent 
artefacts due to slow growing unseen infections. Penicillin 
and streptomycin are the most commonly incorporated 
antibiotics, although others such as gentamycin may be 
necessary if problems are encountered with resistant 
infections (Perlman 1979).
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1.2.5. Xenobiotic Metabolism
The metabolism of xenobio tics in hepatocyte suspensions 
and cultures has been reviewed by Fry and Bridges (1977) 
and Bridges (1980) . The use of such systems can offer a 
number of advantages over in vivo studies : -
i) Complete control of concentration of the 
chemical metabolised 
11) Metabolite identification may be simplified
since excretion processes are not involved 
111) Such systems are particularly suited to studies
of human metabolism where in vivo methods may 
not be practical and/or ethical
iv) Cell systems can facilitate interspecies
comparisons, especially with large animals 
not suited to laboratory study 
v) A large number of studies may be performed
on hepatocytes from a single animal 
vi) Nutrition/diet has less effect on metabolism,
and little effect on absorption of the chemical.
Some of these advantages may be achieved with other 
in vitro systems, for example isolated liver perfusions, 
or cell fractions, however isolated hepatocytes also have 
a number of advantages over other in vitro techniques.
i) They provide the simplest system in which
individual hepatic drug metabolising enzymes 
maintain the same relationship to each other, 
and which provides physiological levels of the 
co-factors required for metabolism
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ii) It is possible to study metabolism over 
greater time periods than with perfused 
liver preparations, and a greater number 
of variables may be studied using a single 
animal
iii) Phase II metabolism may be studied in addition 
to phase I, processes difficult to measure 
with validity in cell fractions. 
iv) It is easy to obtain samples of the same
hepatocytes for histochemical analysis of cell 
changes before and after metabolism
v) Direct comparisons of metabolism and toxicity 
effects may be made with the same preparation
Hepatocyte systems for metabolism studies may be classified 
into two main g r o u p s c e l l  suspensions, which are useful for 
a few hours following isolation, and cell cultures for 
studies longer in duration. Because of differences in the 
metabolic capabilities of the two systems, they will be 
dealt with separately.
Metabolism in isolated hepatocytes
Isolated hepatocytes are particularly suited to studies 
of uptake and cellular excretion of compounds and their 
metabolites, relationships of separate metabolism processes, 
fine control (not induction) of hepatic metabolism, 
metabolism-toxicity relationships, and elucidation of 
metabolism pathways of a particular compound.
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A scheme for the typical metabolism of a compound is 
shown in fig. 1.2. Monooxygenase reactions are very active 
in freshly isolated hepatocytes and have been studied with 
a variety of substrates including ethylmorphine, aniline, 
benzo(a)pyrene. (Holtzman et al, 1972, Jones at al, 1978), 
7-ethoxycoumarin, biphenyl (Fry at al, 1978), alprenolol 
(Moldeus et ai. 1974), dimethylphenobarbital (Sauers et ai. 
1980), and bromobenzene (Thor et ai. 1978). Hepatocytes 
have also been used to metabolically activate carcinogens 
for in vitro bio-assays (Schwarz et ai. 1980, Poiley et al.
1979). These data indicate that the wide variety of 
monooxygenase reactions present in vivo are also present with 
comparable activities in freshly isolated hepatocytes. 
Monooxygenase activity in isolated hepatocytes is inhibited 
by classical inhibitors of cytochrome P450, for example
SKF 525A or carbon monoxide (Wiebkin et al. 1976), Kinetic 
pacameters (K^ and Vmax) of several monooxygenase reactions 
have been measured in hepatocytes and microsomes, and these 
showed good agreement between the two systems (Lin at al.
1980).
Phase II conjugation reactions have been investigated 
in hepatocytes, including Sulphation, glucuronidation 
(Schwarz 1980), acétylation (Suolinnal980), and glutathione 
conjugation (Holme at al. 1983) . These are again similar 
to reactions observed in vivo, the pattern of conjugation 
seen appears to depend on the rate of phase I metabolism 
and hence the intracellular concentration of metabolite
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Pig. 1.2
Xenobiotic metabolism in isolated hepatocytes.
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for conjugation (Schwarz et al. 1980, Fry and Bridges 1977).
A shift from the sulphate to the glucuronide conjugate is 
often seen at high rates of metabolism, probably due to 
depletion of available sulphate (Wiebkin et ai. 1978).
Metabolism in Cultured Hepatocytes
The metabolism of xenobiotics in hepatocyte cultures 
has been reviewed by Sirica and Pitot (1980), and Suolinna 
(1982). The cytochrome P4-50 content and activity of rat 
hepatocytes typically declines markedly during the first 
24 hours of culture, and slowly thereafter (Fry and Bridges 
1980, Holme et al. 1983). Similar losses have been reported 
in mouse hepatocyte cultures (Dougherty et al. 1980). This 
loss of monooxygenase renders such cultures unsuitable for 
investigation of the pattern of metabolism of specific 
chemicals, as individual cytochrome isozymes may be absent or 
depleted to a greater degree than others. In spite of this 
metabolism studies have been undertaken with rat hepatocyte 
cultures (Paine et al.1984), and with cultures derived from 
man (Begue et al. 1983). The degree and nature of the 
decrease in cytochrome seems to depend on the culture 
conditions used (Lake and Paine 1982). The regulation of 
cytochrome levels will be discussed in section 1.2.6.
Despite the generally lower drug metabolising activity of 
cultured cells,they have been reported to metabolise a 
wide range of chemicals similar to those metabolised by 
freshly isolated cells (Fry and Bridges 1980, Stenberg
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et al, 1978, Sirica arid Pitot 1980). Phase II xenobiotic 
metabolism enzyme activity has been reported to decrease in 
culture, in parallel with monooxygenase activity (Grisham 1979).
At present, the major role for cultured hepatocytes 
in drug metabolism is the study of bio transformation products 
and their relation to toxicity. There is also considerable 
interest in the investigation of regulation and induction 
of different forms of cytochrome P450 by environmental agents. 
Another use for hepatocyte cultures has been the employment 
of mixed hepatocyte/fibroblast cultures for the study of 
metabolism mediated cytotoxicity (Fry and Bridges 1977,
Strom et al, 1981).
1.2.6. Regulation of cytochrome PA-50, in culture
The reason for the decrease in cytochrome P450 content 
of hepatocyte cultures is still unclear, but is presumably 
related to either the lack of stimuli, hormonal or otherwise, 
or a nutrient deficiency or imbalance. The mechanisms by 
which the decrease occurs could be postulated to be changes 
in synthesis or breakdown of haem, changes in synthesis or 
breakdown of cytochrome P450 apoprotein, or any combination 
of these effects.
Haem breakdown, mediated by the enzyme haem oxygenase 
was implicated in cytochrome P4-50 loss (Bissell et al ,
1974-) > however this has been partly discounted by the finding 
of Paine and Legg (1978) that there was no correlation 
between haem oxygenase activity and cytochrome P450 loss.
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More recently, Evarts et al. (1984), have suggested that 
haem synthesis/availability may play an important role in 
cytochrome P450 regulation in hepatocyte cultures. If the 
loss of cytochrome P450 was entirely due to changes in haem 
availability however, one might expect all isozymes to 
decrease in a roughly parallel fashion. This is not the 
case as will be seen from the data in this thesis, although 
since the isozymes presumably have different half lives 
their haem replacement needs will vary.
Considerable experience has now been gained in the 
provision of culture media which will maintain protein 
synthesis other than cytochrome P450 (Schwarz et al. 1982), 
and much attention has been given to the development of a 
medium which will maintain cytochrome P450 levels at those 
found in freshly isolated hepatocytes.
Pyridine ligands of cytochrome P450, notably 
nicotinamide and more potently metyrapone, have been 
reported to maintain cytochrome P450 levels in culture 
(Paine et al. 1979, 1980$) . The mechanism of this is 
probably primarily a protective effect due to the ligand 
decreasing the rate of breakdown, although ligands may 
stimulate protein synthesis as well, since cycloheximide 
inhibits some of the effect (Paine and Villa 1980c) . Haem 
incorporation studies by these authors also indicated that 
synthesis of cytochrome P450 did not occur during the first 
24 hours of culture, which suggests that P450 loss is in 
part due to decreased synthesis.
Dickens and Peterson ( 198.0) , reported a hormone 
supplemented medium which maintained higher cytochrome P450 
activity in culture, although the profile of monooxygenase 
reactions preserved was not identical to that in freshly 
isolated hepatocytes. Increases in a particular protein 
with a molecular weight of 50,000-60,000 suggested that 
stimulation of protein synthesis may have occurred. However 
hormone supplemented media may enable hepatocytes to resembl 
the in vivo in a number of respects. For example Decad 
et .ai. (1977), have also reported aflatoxin 3 metabolism 
in hepatocyte cultures grown in a hormone supplemented 
medium, which is similar to that in vivo.
Nutrient imbalance has also been suggested as a cause 
of cytochrome P450 loss in culture, and media which do not 
contain cystine or cysteine have been claimed to maintain 
total cytochrome P450 content at a level equal to that in 
freshly isolated cells (Paine and Hockin 198Gb, Allen et al.
1981). Studies on monooxygenase activity however, have 
revealed that the profile of activity in the cultured cells 
does not resemble that in the isolated hepatocyte, and 
cytochrome ' P448mediated reactions in particular are 
increased at the expense of others (Lake and Paine 1982). 
Cystine free medium has been used in conjunction with ligand 
protection by Nelson et al. (1982), but it seems unlikely 
that the system will preserve the monooxygenase activity, 
as opposed to P450 levels, of freshly isolated hepatocytes.
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Despite the efforts that have been made to develop 
culture systems which retain the normal pattern of cytochrome 
P450 activity, a wholly satisfactory system has not yet been 
devised.
1.2.7. Induction of cytochrome P450 in culture
Isolated hepatocytes prepared from animals pretreated 
with the inducing agents phenobarbitone and 3-methylcholanthrene 
show raised monooxygenase activities (Wiebkin et al. 197#, 
Metcalf et al. 19$l). The study of regulation of induction 
of hepatic cytochrome P450 isozymes would be greatly 
facilitated if systems which allowed the induction of these 
enzymes in culture were available.
Kremers et al, (198y reported that foetal rat 
hepatocyte cultures display several different monooxygenase 
activities, which may be induced after exposure of the 
cultures to phénobarbital or benzanthracene. The activities 
measured were aldrin epoxidation, 7-ethoxycoumaxin 
0-dééthylation, and aryl hydrocarbon - hydroxylase, together 
with total cytochrome P450 content. Prior to this, Guillouzo 
et al. (1978) had demonstrated smooth endoplasmic reticulum 
proliferation after the administration of phénobarbital 
to newborn rat hepatocyte cultures.
Androstenedione hydroxylation, a P450 mediated reaction 
is induced in adult rat hepatocyte cultures following 
phenobarbitone exposure (Stenberg and Gustafsson 1978),as is
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7-ethoxycoumarin metabolism (Fry and Bridges 1980).
Induction of cytochrome P450 in cultures, if similar 
to that observed in vivo, would require the stimulation of 
haem and protein synthesis. Phénobarbital mediated induction 
of 5-aminolevulinate synthase, the rate determining enzyme 
in haem synthesis, has been observed in chick’ embryo hepatocyte 
cultures (Giger and Meyer 1981*), while in 1970 Nebert and 
Gelboin noted that aryl hydrocarbon hydroxylase induction in 
secondary hamster foetus cultures proceeded via a two stage 
mechanism. The first phase was the cyc/oheximide insensitive 
synthesis of a specific RNA, which was followed by the second 
phase, actinomycin insensitive protein synthesis. Thus 
induction, at least in these cultures appears to require 
translation, preceded by transcription.
Recently, Newman et al. (1982) have demonstrated 
induction of de novo cytochrome P450 synthesis in rat hepatocyte 
cultures with phénobarbital, by means of a specific immuno­
chemical technique. Moreover, the cytochrome produced was 
immunologically identical to the major phénobarbital inducible 
form in vivo. Other types of inducing agent are now under 
investigation, and Lake et al, (1984) have recently reported 
induction of the clofibrate specific isozyme (laurate 
hydroxylase) in rat hepatocyte cultures.
It still remains however, for a comprehensive study on 
induction by different classes of compound, and the effects 
on a suitable characteristic range of monooxygenase substrates 
to be undertaken, especially in species other than the rat.
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1.3. Aim of Present Studies
Isolated hepatocytes have proved useful tools for the 
study of drug metabolism in vitro. Hepatocyte cultures now 
promise to be similarly useful, and in particular could be 
valuable systems for the study of regulation of the cytochrome 
P450 monooxygenase system. Hence the aim of the work 
reported in.this thesis was to demonstrate that induction 
of cytochrome P450 in culture can be achieved with different 
inducing agents, and by the use of several substrates and 
inhibitors, demonstrate that the character of the response 
is simlar to that observed in vivo. In addition, four rodent 
species were investigated, all of them commonly used in 
toxicology studies, but about which little data is available 
on their response to these chemicals in culture.
Finally, an attempt was made to develop a hepatocyte 
isolation and culture procedure for human liver. The 
successful development of such a system is seen as vital 
if the full potential of hepatocyte cultures in toxicology 
is to be realised, as it offers the ability to study, in 
our own species and in detail, processes hitherto impossible 
because of ethical considerations.
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Chapter 2 
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2.1. Chemicals
Collagenase (type 1) was purchased from Millipore 
UK (Uxbridge, Middlesex) . All other enzymes were supplied 
by Sigma London Chemical Co. Ltd. 7-Ethoxycoumarin, 
umbeJIif erone, aldrin and dieldrin were obtained from 
Aldrich Chemical Co. Ltd., (Gillingham, Dorset).Resorufin 
ethoxy.resorufLn was kindly donated by Dr. 3. C. Orton of 
I.C.I. Pharmaceuticals Ltd.
Cell culture reagents were purchased from Flow 
Laboratories Ltd., (Irvine, Ayrshire, Scotland), and 
culture flasks were supplied by Falcon Products Ltd.,
35 Ç -Methionine was purchased from the Radiochemical 
Centre Ltd., (Amersham, Buckinghamshire), and all electro­
phoresis reagents were obtained from Biorad Ltd. (U.K.).
Carbon monoxide and air/carbon dioxide mixes were 
supplied by Air Products Ltd. (U.K.). All other reagents 
were of the highest purity commercially available.
and
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2.2. Animals
Animals were bred and supplied by ICI Pharmaceuticals, 
Alderley Park. Rats (180-200g) were derived from a Wistar 
strain, mice (25-30g) were ICI Swiss Strain and guinea 
pigs (300-350g) were derived from the Hartley Strain. All 
of these animals were albino males. Male golden Syrian 
hamsters (100-120g) were also used. All animals were 
allowed food and water ad libitum, and exposed to a twelve 
hour light/dark cycle.
2.2.1. Pretreatment of animals
Animals were pretreated with phenobarbitone and 
3-naphthoflavone prior to microsome preparation.
Phenobarbitone:-
Sodium phenobarbitone was dissolved in 0.9%w/v saline 
(80mg/ml) and administered by intra-peritoneal (i.p.) 
injection (80mg/kg) once daily for three successive 
days. Animals were sacrificed by cervical dislocation 
24- hours after the third dose.
3-naphthoflavone: -
3-naphthoflavone was finely suspended in corn oil 
(100mg/ml) by use of a polytron, and administered by 
i.p. injection once daily for three days. Animals 
were sacrificed as before 24- hours after the third 
injection.
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2.3. Hepatocyte Isolation Procedures
2.3.1. 'Slice' Isolation method (Rat)
The slice isolation procedure was based on that of Fry 
et al. (1976), and entailed the digestion of liver slices 
with collagenase and hyaluronidase.
Male Wistar rats (180-2OOg) were killed by excessive 
inhalation of diethyl ether. The abdomen was wiped with 
70% ethanol, and the abdominal cavity opened. The liver 
was removed as separate lobes into ice-cold phosphate 
buffered saline (PBSA - see solutions). The lobes were then 
transferred to a sterile laminar flow cabinet and sliced 
by hand to a thickness of 0.3mm, using a disposable microtome 
blade. The sections were kept in cold PBSA in a sterile 
petri dish until slicing was finished. At all times sterile 
glassware and aseptic techniques were used to preserve 
sterility. The slices were transferred to 10ml PBSA in a 
covered 230ml conical flask.
The flask was placed in a shaking water bath (60 strokes 
per min) at 37°C for ten minutes. At the end of this time 
the PBSA was discarded, replaced with 10ml fresh PBSA, 
and the slices shaken again for 10 minutes. In this manner 
the liver slices were given a total of two washes in PBSA 
followed by two washes in EOTA (solutions) in order to remove 
calcium. After washing the slices were incubated in a 
solution of Hanks basic Salt Solution (10ml) containing lOmg
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hyaluronidase (Sigma type I) and 5mg collagenase (Millipore 
type 1) using the shaking water bath.
Following enzymic digestion the resulting suspension 
was gently filtered through 150p nylon bolting cloth, and 
washed through with PBSA. The isolated hepatocytes were 
sedimented in a very slow centrifuge running at approximately 
200g for 1 minute.
The cells were gently resuspended in fresh PBSA and 
re-centrifuged twice more in order to remove fibroblasts, non 
viable hepatocytes and residual collagenase. The final 
pellet was re-suspended in 20ml complete Leibowitz L15
culture medium (CL15). At this point a sample was taken
for the estimation of cell numbers and viability assessment 
by trypan blue dye exclusion. The hepatocytes were usually 
diluted to a concentration of 1 x 106 viable cells per ml
CL15. All solutions were sterilised by autoclave or filter
prior to use.
2.3.2. Two step perfusion Method (rat)
Mature male animals (180-200g) were killed by excessive 
inhalation of diethyl ether. As soon as breathing ceased, 
they were removed from the ether vapour and placed on a 
small platform. The abdomen was washed with 70% ethanol 
and opened. A ligature was loosely placed around the inferior 
vena cava, and cannula placed in the hepatic portal vein.
The vena cava was then cut below the ligature and the
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liver perfused with sterile Krebs phosphate buffered saline 
(30ml/min) at 37°C by means of a peristaltic pump. The 
chest cavity was then opened and a cannula placed in the 
superior vena cava. At this point the ligature placed 
previously was tightened to direct the outflow from the 
liver through the new cannula. 500ml of Krebs phosphate 
was passed through the liver, after which the perfusate was 
changed to 500ml Krebs bicarbonate buffered saline containing 
200mg collagenase. A return tube was connected to the output 
cammula so that the enzyme solution could be re-cycled. 
Perfusion continued for 20 minutes, by which time the liver 
was very soft. The liver was then removed,filtered through 
150u pore bolting cloth, and washed as described in Section
2.3.1. Hepatocytes were finally suspended in cL15 medium 
(1 x 106 cells/ml)
2.3.3. One step perfusion method (mouse)
The surgical procedure used was the same as that 
employed with rats with the exception that due to the small 
size of the liver no attempt was made to recycle perfusate, 
and thus the vena cava was simply cut after a cannula had 
been placed in the hepatic portal vein. The liver was 
perfused with 500ml mouse perfusate solution (MRS) containing 
50mg collagenase and lOOmg hyaluronidase at 12 ml per 
minute, and perfusion continued until the perfusate was 
exhausted. The liver was then excised taking care to remove 
the gall bladder, and filtered, washed and centrifuged as
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described in Section 2.3.1. Hepatocytes were suspended 
in CL-15 medium (1 x 10^ cells/ml).
2.3.4. Two Step perfusion methods (Guinea pig, Hamster)
The methods were those used for the isolation of rat 
hepatocytes with a few minor modifications. Perfusate 
flow rates were 20ml/min and 33ml/min for hamsters and 
guinea pigs respectively. When perfusing guinea pigs it 
was found necessary to place a ligature between the liver 
and gall bladder as a large proportion of the perfusate was 
otherwise lost via this route once the liver had started 
to digest.
2.3.5. Isolation of Human hepatocytes
A derivative of the rat slice methodology was found to 
be the most successful procedure. Liver tissue was taken 
from cadavers immediately after death, and placed in ice- 
cold L13 medium for transport to the laboratory as quickly 
as possible. The pieces of liver (typically 2cm x 2cm x 1cm) 
were then trimmed and sliced by hand. After washing, the 
slices were digested with Hanks basic Salt solution 
(10ml/3 g tissue) containing dispase (Boehringer 3mg/ml ) 
deoxyribonuclease (Sigma Type III 0.1mg/ml), collagenase 
(Millipore 2mg/ml) and hyaj. uronidase (Sigma type I 3mg/ml). 
Incubation was for 75 minutes. The remaining procedure was 
the same as that for rats (Section 2.3.1.), with the
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exception that it was necessary to increase the centrifugation 
to 400g for 2 minutes to sediment the hepatocytes.
2.3.6. Trypan blue dye exclusion
A small sample (0.23ml) of the prepared cell suspension 
was added to 0.1ml trypan blue (0.4% w/v in 0.9% saline).
The sample was mixed and allowed to stand at room temperature 
for one minute, after which a small drop of the mixture 
was applied to a Neubauer haemocytometer. On examination 
with a microscope, a small percentage of the cells were 
found to have taken up the blue stain, particularly in the 
nuclei, and hence were judged to be non-viable. The cells 
were counted in order to determine the numben of cells and 
viability of every cell preparation.
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2.4. Culture of hepatocytes
Hepatocyte suspensions were diluted to 0.5 x 10^ cells/ml
with CL15 medium. 4ml aliquots of the suspension (2 x 10^
2
cells) were added to 25cm Falcon polystyrene tissue culture 
flasks, which were loosely capped and placed in an incubator 
at 37°C. All operations on these culture flasks were 
performed in a sterile laminar flow cabinet. After 3 hours 
the culture medium together with any unattached cells were 
carefully removed and replaced with 5ml fresh medium. The
medium was again changed after 24 hours culture, and 
subsequently after a further 3 days. Cultures were kept 
for a total of 4 days, and typically had formed a monolayer of
flattened cells after the first 24 hours.
For induction studies, the inducing agent was added 
to the fresh medium 24 hours after initial culture in 0.1ml 
saline (phenobarbitone, final concentration 2mM) or in 5pi 
dimethyl-formamide (3-naphthoflavone or isosafrole, final 
concentration 20yM ). The culture medium for induction 
experiments was changed daily for 3 days, and replaced 
with plain CL15 one hour prior to measurement of enzyme 
activities. In all cases control cultures containing vehicle 
only were set up in parallel.
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2.5. Staining of hepatocyte cultures
2.5.1. Oil Red 'O' Stain
The culture medium was removed from the flasks, and 
the monolayers carefully washed twice with 0.9% saline, 
after which the cells were fixed with formal saline (solutions) 
for twenty minutes. The tops were cut from the plastic 
flasks with a hot knife and the cultures stained with oil 
red 'O' working solution for twenty minutes.
Oil red 'O' working solution : -
Saturated oil red'o'in isopropanol 6ml 
Distilled water 4ml
Allowed to stand for 10 minutes then filtered.
The cultures were then rinsed with tap water for 5 
minutes and then the nuclei were counterstained with Mayers 
heme-alum solution (Solutions) for five minutes, rinsed and 
blued with saturated lithium carbonate solution. Finally 
the completed slides were washed, and mounted with glass 
coverslips using Apathys mounting medium.
2.5.2. Hematoxylin/Eofin stain
Cell cultures were washed in 0.9% saline and fixed 
(20 minutes) with formal saline. The cells were washed with 
tap water, and stained with hematoxalin (Shandon) for 
5 minutes, after which they were blued with scots tap water
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substitute (0.35% NaHCO^, 2% Mg 50^). The flasks were 
counterstained with 0.25% eosin/floxin for five minutes 
after which they were rinsed with tap water and then 
successively dehydrated with washes of 70%, 90% and 100% 
ethanol. The flasks could then be stored dry, re-hydrating 
for photography.
2.5.3. Electron Microscopy
Transmission electron micrographs were taken of the 
cell cultures at various stages of development. Flasks were 
washed with 0.9% saline and then fixed with 3% glutaraldehyde. 
The tissue was stained with millonigs 4% osmium tetroxide 
fixative and embedded in araldite with the cells still 
attached to the polystyrene flask. Small pieces of the 
flask were then cut out and sectioned. Sections were cut 
transversely across the monolayer and longitudinally through 
the culture flask itself.
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2.6. Glutathione measurement
107 freshly isolated hepatocytes were pelleted by 
centrifugation and washed twice with 0.9% saline followed 
by re-centrifugation. Alternatively ten 25cm cell cultures 
were washed with 0.9% saline, the cells scraped from the 
plastic surface with a rubber tipped glass rod, and suspended 
in 1ml ice-cold buffered ethanol (75% EtOH in 24mM phosphate 
buffer pH 5.5).
The assay used the reaction between sulphydryl groups 
and. 5,5',-dithiobis-(2-nitrobenzoic acid), (DTN3) which 
produces a bright yellow colour measurable at 412nm with a 
spectrophotometer. Since sample preparation included a 
de-proteinising step the method measured total cellular 
non-protein sulphydryl, the majority of which is glutathione.
The tissue was homogenised with an ultrasonic probe in 
1ml ice-cold buffered ethanol. Samples were kept cold until 
all homogenising was completed and then centrifuged for 
10 minutes in a Beckman refrigerated bench centrifuge 
(3000 rpm, 4°C). The supernatants were assayed immediately.
0.4ml of supernatant was added to 3.4ml phosphate buffer 
(pH 7.4, 0.3M containing O.lmM EOT A), and 0.4ml DTNB (0.4m g/ml 
in 1% (w/v) trisodium citrate). Blanks, containing 0.4ml 
buffered ethanol in place of sample, and a standard curve 
containing 20nmol-250nmol glutathione also in 0 .4ml buffered 
ethanol were prepared at the same time. The samples were 
mixed, left for ten minutes at room temperature, and the 
absorbance at 412nm measured• The assay was linear within 
this concentration range.
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2.7. Adenosine Triphosphate measurement
Tissue samples were obtained by sedimentation or scraping 
as described in 2.6. The cells were sonicated in 1ml water 
for 5 seconds using an ultrasonic probe tuned to maximum 
amplitude. No intact cells were visible by light microscopy 
following this treatment. 2ml cold 5% per-chloric acid 
containing 5mM ethylenediamine-tetraacetic acid (EDTA) 
was added to precipitate protein and the samples were left 
on ice for 15 minutes. The samples were centrifuged at
3,000 rpm for 15 minutes at 4°C, and the supernatant retained. 
The supernatant was neutralised with concentrated potassium 
hydroxide to pH 7, left on ice for a further 15 minutes and 
re-centrifuged. Aliquots (0.4ml) of the supernatant were 
taken for analysis with a coupled enzyme system utilising 
glucose-6-phosphate dehydrogenase (G6PDH) and hexokinase.
Analysis was by means of a coupled enzyme assay utilising 
glucose-6-phosphate dehydrogenase (G6PDH) and hexokinase.
G6PDH
Glucose + ATP --------> Glucose 6 Phosphate + ADP
Hexokinase
Glucose-6-phosphate +NADP   } 6 Phosphoglucono-lactone
+ NADPH
The appearance of NADPH was measured by fluor escence using 
a Perkin Elmer MPF3a fluorimeter (XEX345nm, AEm 455 nm).
The reaction was allowed to run to completion, and the 
fluorescence change noted. The assay was calibrated by use
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of ATP standards (0-20 nmoles).
Buffer :-
Hepes (lOOmM)
EDTA (ImM)
MgCl^ (5mM) 
pH 7.4
Incubation mix:-
Buffer 2.6ml
ATP standard or sample 0.4ml 
D-glucose (3mM) 0.1ml
NADP (1.34 mM) 20pl
G6PDH (lmg/ml). lOyl
This was mixed in the cuyette and the initial fluorescence 
reading recorded. 2pi hexpkinase (2mg/ml) was then added 
and the reaction allowed to go to completion, after which 
the final fluorescence reading was taken.
Incubations were performed in 25ml conical flasks 
(isolated hepatocytes) or culture flasks (cultures). Freshly 
isolated cells were diluted to 1 x 106 cells/ml with CL15, 
or alternatively cultures were provided with 5mls fresh 
medium. The cells were incubated in a shaking water bath 
(suspensions) or in an incubator (cultures) at 370C. 
7-Ethoxycoumarin was then added as 10ul of 40mM in DMF 
(Final Concentration -80pM). Reaction was stopped usually 
after 1 hour (suspensions) or 4- hours ( cultures ) by taking 
1ml samples of the medium and shaking with 5ml diethyl 
ether to extract unconjugated products and lyse cells.
The extraction procedure is illustrated below.
Sulphate conjugates were hydrolysed with a high purity 
sulphatase (Sigma type VI) in the presence of Saccharo-14- 
lactone to inhibit any glucuronidase activity. Glucoronic 
acid conjugates were hydrolysed with a sulphatase-free 
glucuronidase (Sigma glucurase).
The fluorescence of the back extracts was measured, 
and the assay standardized by the parallel extraction of 
7-hydroxycoumarin standards. Zero incubation time blanks 
were also included and their fluorescence subtracted from 
sample values. The above method of analysis permitted 
separate quantification of free metabolites, sulphates, 
glucuronides, and therefore total metabolites.
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2.8. Cytochrome P450 activity
2.8.1. 7-ethoxycoumarin 0-deéthylation
GH5<3H20
NADP
NADPHy
0 +  CE,CH0cytochrome P^50jjq'
- -^ i n  hepatocytes 
Sulphate Glucuronide
i) Cuyette assay for microsomes
Microsomes were diluted to 0.5mg/ml with 0.1M phosphate 
buffer (pH 7.4) aud a 2ml aliquot placed in a fluorimeter 
cuvette with 10 yl 40mM. 7-ethoxycoumarin in dimethyl- 
formamide (DMF).
The cuvette was placed in a Perkin Elmer MPF 3a fluorimeter, 
thermostatted at 37°C and allowed 2 minutes for temperature 
equilibration. The wavelengths used were AEx 394nm AEm 456 nm. 
The background fluorescence was noted and 10yl 50mM NADPH 
added. The rate of increase of fluorescence was monitored 
for the first 2 minutes of reaction to give the initial rate. 
lOyl of ImM 7-hydroxycoumarin (in DMF) was added as an 
internal standard (10 nmol), and the increase in fluorescence 
noted.
Results were expressed as nmol/mg microsomal protein/
minute.
1ml Culture medium 
+ 5ml Ether
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Shake 5 min 
Centrifuge 5 min
i __________ _
Aqueous
phase
Two 
samples
0.5ml Glucurase 
in 0.1M acetate 
buffer pH 4.5
i
0.2ml Sulphatase 
(lOmg/ml ) in 0.1M 
acetate buffer pH 
4.5 plus 0.1ml 
Saccharo-1,4 - 
lactone (100mg/ml)
Incubate overnight 37 C
Extract with 5ml Ether
Shake 5 min
Centrifuge 2,000 rpm 5 min
Back extract 3.5ml of Organic layer 
into 5ml NaOH/Glycine buffer
v
Discard organic layer
Organic phase
3.5ml back 
extracted into 
5ml NaOH/Glycine 
buffer pH. 10.4 
(0 .1M)
Shake 5 min 
Centrifuge 2000rpm 
5 min
discard organic 
layer
Read Fluorescence XEx 350
XEm 456
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2 .8.2 . Aldrin epoxldation
The rate of aldrin metabolism by both microsomes and 
by hepatocytes was measured by the same basic technique, 
that is incubation with the substrate, followed by extraction 
into hexane and analysis by gas chromatography
Cl
NADPy ^  NADP CH CCI
Cl Cl
Aldrin Dieldrin
a ) Isolated hepatocytes
5mls of hepatocytes (1 x 106 cells/ml in CL15) were 
added to 25ml conical flasks in a shaking water bath at 37°C. 
The reaction was started by the addition of 5\il aldrin 
(lOOmM in DMF) to give a final concentration of IOOjjM.
This concentration did not decrease viability as assessed 
hy trypan blue. The reaction was stopped after various 
times (5-60 minutes) by the extraction of 1ml aliquots with 
5ml n-hexane.
b) Cell cultures
With cultured hepatocytes the incubation was carried 
out in the polystyrene culture flask using 5ml fresh CL15 
medium. The reaction was started by the addition of 5pi 
aldrin (lOOmM in DMF). The flasks were incubated for 1 hour
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at 37°C, after which 1ml aliquots of the culture medium
were extracted with 5ml n-hexane.
c) Microsomes
5ml microsomal suspension (0.5mg/ml in 0.1M Tris buffer 
pH 7.4) were added to 5pi aldrin (lOOmM in DMF) in 25ml 
conical flasks in a shaking water bath at 37°C. The reaction
was started by the addition of 0.2ml NADPH (ImM in H^O).
The reaction was stopped after 15 minutes by extraction of 
1ml aliquots into 5ml n-hexane.
Following extraction, all samples were centrifuged 
(2000 rpm, 15 min) and the aqueous layer discarded. Conjugate 
hydrolysis was not necessary as the epoxide is stable and 
does not undergo further metabolism. Duplicate 5pi injections 
of the hexane layer were analysed by gas chromatography
Conditions : -
Detector Electron
Column length 7 feet
Support Gas Chrom
Liquid phase 3% 0V 255
Gas phase Nitrogen
Flow rate 30 ml/min
Oven temperature 225°C
Gas chromatograph Pye 204
Calibration was by extraction and analysis of dieldrin 
standards. Zero incubation time blanks were run in parallel 
and subtracted from sample values.
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2.8.3. 7-Ethoxyresorufin O-deethylation
7-ethoxyresorufin
o-ch2ch3 
NADPH NADP
Cytochrome P450 
Oi o Resorufin
A simple in cuvette fluorescence assay was used both for 
hepatocytes and microsomes utilising a Perkin Elmer MPF 3a 
fluorimeter. Microsomes were diluted to lmg/ml (0.lmg/ml 
for induced samples) microsomal protein in 0.1M phosphate 
buffer pH 7.8. Isolated hepatocytes were centrifuged, washed 
with 0.9% saline, re-pelleted and sonicated in 0.1M phosphate 
buffer (final concentration equivalent to 1 x 10 cells/ml ) . 
Cell cultures were washed twice with saline, scraped off the 
flasks with a rubber covered glass rod into 1ml phosphate 
buffer and sonicated. 1ml samples were added to 5yl ethoxy- 
resorufin (0.2mM in DMF) in a cuvette thermostatted at 37°C, 
and the temperature allowed to equilibrate for 2 minutes. 
Excitation wavelength was 570 nm and emission wavelength 
586 nm. The reaction was started by the addition of lOyl 
NADPH (10mg/ml in buffer ).
The increase in fluorescence was measured for the 
first two minutes to determine the initial rate. The assay 
was calibrated by the addition of 50yl of a standard solution 
of resorufin (10yM in ethanol) and measuring the fluorescence 
change.
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2.8.4. Cytochrome P45Q measurement
Cytochrome P450 was measured by d 
carbon monoxide spectrum method of Omu 
Freshly isolated hepatocytes were pell 
centrifugation, washed with 0.9% salin 
The cell pellet was then resuspended a 
of 2 x 10^ cells/ml in 0.1M Tris/Hcl b 
20% glycerol. Alternatively 10 cell c 
washed twice with saline and scraped i 
of the Tris/Glycerol buffer. In both 
were then homogenised by use of an ultrasonic probe. 2ml 
aliquots were pipetted into each of two stoppered glass 1cm 
spectrophotometer cuvettes and carbon monoxide was gently 
bubbled through each cell for one minute. The cells were 
then scanned between 500nm-400nm in order to obtain a 
baseline spectrum, using a Beckman Acta VI spectrophotometer. 
The sample cu ette was then removed, a few grains of sodium 
dithionite added, shaken and replaced. The spectrum 
between 500nm-400nm was again recorded.
The absorbance difference between 490nm and 4-50nm was 
measured and the concentration of cytochrome P450 calculated 
using an extinction coefficient of lOOmM-1 cm*"1 (A450-490) .
erivation of the 
ra and Sato (19 64). 
eted by gentle 
e and re-pelleted. 
t a final concentration 
uffer pH 7.4 containing 
ulture flasks were 
nto a total of 5ml 
cases the cells
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2.9. Microsome Preparation
2.9.1. Preparation of microsomes from intact liver
Animals were killed by cervical dislocation and the 
livers removed into ice cold SET buffer (solutions). The 
liver was chopped finely with scissors and homogenised in 
4 volumes SET buffer with a Potter-Elvehjem homogeniser 
(Total volume 4 x liver weight). The homogenates were 
centrifuged for 10 minutes at 14,000 gay at 4°C. The 
pellets were discarded and the supernatant centrifuged
110,000 gav at 4°C, for 1 hour. The supernatant was 
discarded and the pellet re-suspended in SET after which it 
was again centrifuged at 110,000 gav for 1 hour. The 
supernatant was discarded the microsomal pellet re-suspended 
in SET. (1ml SET/gram wet liver weight). The microsomes 
were placed in small plastic tubes and stored at -80°C 
until required.
2.9.2. Preparation of microsomes from cell cultures
The method was essentially the same as that for intact 
liver, but because of the small amounts of tissue available, 
and also, becasue of the absence of blood and therefore 
haemoglobin, the second 110,000 g ^  washing spin was omitted.
Twenty flasks of hepatocytes were washed with 0.9% 
saline and then scraped into 10ml SET. The cells were 
disrupted by use of an MSE ultrasonic probe using 2 x 5  
second bursts at setting 2. Microscopic examination at
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this stage revealed no intact cells. The homogenates 
were centrifuged at 14-,OOOg, 4°C for 10 minutes and the 
pellets discarded. The supernatants were centrifuged at 
110,000g for 1 hour at 40C , after which the microsomal 
pellets were re-suspended in 0.5ml SET. Microsomes were 
stored at -80°C until required.
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2.10. SDS polyacrylamide gel electrophoresis (SDS PAGE)
SDS Page, a technique which separates proteins by 
molecular weight was used following pulse radiolabelling
3$ r
of cultures with b -methionine. Shandon slab gel
electrophoresis equipment was used, with gels of 2.5mm 
thickness * Two layer gels consisting of a 3% upper stacking 
gel with a lower 7.48% resolving gel were prepared as shown 
below.
Sample pockets 
Stacking gel
Resolving gel
<— ---------   18cm ------- -— ?
A gel stock solution was prepared of 30% w/v acrylamide and
0 .8% 815 (N,N *-methylene-bis-acrylamide) in water.
The buffers used are detailed in the solutions section. 
The lower running gel was first poured, and consisted of : -
Lower gel buffer 10ml
Gel stock 10ml
Water 20ml
TEMED lOpl
10% Ammonium persulphate 0.12ml
2* 5cm ü Ü 0 0 Q Ü
15cm
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The gel was covered with a layer of water and allowed to 
set. The upper gel was then poured as below
Upper gel buffer 2.5ml
Gel stock 1.0ml
Water 6 .5ml
TEMED 10yl
10% Ammonium persulphate 30pl
A comb was placed in the top of the upper gel to form
the sample pockets (10mm width) and the gel allowed to set. 
The prepared gel was mounted in the electrophoresis apparatus 
and the electrode buffer added.
Microsomes were prepared for electrophoresis by the 
addition of an equal volume of sample buffer. 200 pg of
microsomal protein was added per sample well. The gels 
were run initially with a 20mA stacking current until the 
samples had reached the resolving gel, when the current 
was increased to 30mA. Gels were run until the bromophenol 
blue front had almost reached the bottom, approximately 
7 hours. The gel was then removed from the apparatus and 
both fixed and stained by immersion in the staining solution 
overnight. Gels were de-stained by gentle shaking in several 
washes of destaining solution. The soft stacking gel was 
discarded and the remaining gel divided into individual 
sample tracks. Each track was cut into sixty-five 2mm strips 
for scintillation counting. The strips were placed in 
glass vials,homogenised in 5ml water by means of a Pol ytron
homogeniser, and set into a gel with 10ml Fisons Fisofluor 
Scintillant for counting. It was then possible to plot 
the position of each radioactive section against distance 
travelled on gels. A range of Biorad molecular weight 
standards were run on each gel so that the molecular weight 
of each section could be calculated.
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2.11. Protein estimation
Protein concentration was determined by the method 
of Lowry et al, (1951). Samples were diluted with 0.05M 
sodium hydroxide to give a concentration within the range 
25-250 yg/ml. Duplicate 0.5ml aliquots of the diluted 
sample were added to 5ml alkaline copper reagent (solutions) 
The tubes were mixed and left at room temperature for 15 
minutes. 0.5ml of Folin and Giocalteus phenol reagent 
(diluted 1 in 4 with H^O) was added and mixed immediately. 
The samples were left for a further 30 minutes and the 
absorbance at 650 nm measured. A range of protein standards 
(bovine serum albumin) from 0-250 pg/ml were run at the 
same time to calibrate the assay.
2.12. Cell Counts
The number of hepatocytes per culture flask was 
determined so that results might be expressed per 10  ^ cell 
Flasks were washed twice with 0.9% saline and 1ml 0.25% 
trypsin solution added. The flasks were then returned 
to the 37°C incubator. After 5 minutes the flasks were 
shaken vigorously to suspend the detached hepatocytes and 
a small sample was counted with a Neubauer haemocytome.ter.
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2.13. Solutions
Phosphate buffered Saline (PBSA)
Na Cl 8g/L
KC1 0.2 g/L
KH2P0Zf 0.2g/L
Na2HP0^ 1.13g/L
Phenol Red 0.005g/L
EGTA in PBSA (EGTA)
PBSA containing 0.19g/L ethyleneglycol- 
bis (3-aminoethylether)N,N’-tetraacetic 
acid.
Mouse perfusion solution (MPS)
NaCl 8.3g/L
KC1 0.5g/L
Hepes
1M NaOH 3.5ml (to pH 7.4)
(Hepes = N-2 hydroxyethylpiperazine-N’-2-ethanesulfonic acid)
Hanks basic salt solution
NaCl 8.0 g / L
KC1 0.4g/L
KH2P0Zf 0.06g/L
Na2HP04 0.06g/L
Glucose l.Og/L
Phenol Red 0.005g/L
Immediately prior to use add :-
1.4% NaHCOj 25ml/L
250mM CaCl. 20ml/L
Krebs Phosphate buffered saline
NaCl 8.77g/L
KC1 0.37 g/L
KH2PO4 0.169 g/L
NaHCOj 0.313g/L
Na2HP04 0.687g/L
MgCl2 0.126g/L
MgSO^ 0.0 74 g / L
Krebs bicarbonate buffered saline
NaCl 8.29g/L
KC1 0.326g/L
kh2po4 0.169 g/L
NaHCO, 2.016g/L
Mg S04 0.074g/L
MgCl2 0.12 6g/L
Sucrose, EDTA, Tris buffer (SET)
Sucrose 85.6g/L
Trizma base 2.42
EDTA. 2 .Og/L
HC1 - to pH 7.4
(EDTA - Ethylenediaminetetraacetic acid).
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Mayers heme-alum solution
Citric acid Ig/L
Chloralhydrate 50g/L
10% Alcoholic hematoxylin 10ml/L
NaI 0.2 g/L
Potassium alum 50g/L
Leibovitz L-15 medium
Ingredient mq/L
L-Alanine 225.
L-Arginine 3qq
L-Asparagine (H^O) 250
L-Cysteine 120
L-Glutamine 3qq
Glycine ' 200
L-Histidine 250
L-Isoleucine 325
L-Leucine 325
L-Lysine HC1 93 . 7
L-Methionine 75.0
L-phenylalanine 325
L-Serlne 200
L-Threonine 3qq
L-Tryptophan 20
L-Tyrosine (disodium saot) 372.9
L-VaXine 100
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0-calcium pantothenate 1.00
Choline chloride 1.00
Folic acid 1.00
i-Inositol 2.00
Nicotinamide 1.00
Pyridoxine HC1 1.00
Riboflavin phosphate (sodium salt) 0.10
Thiamine mono phosphate (2H20) 1.00
CaCl2 .2H20 185.5
KC1 400
KH2P0t 60.0
MgS04 .7H20 400
MaCl 8000
Na2HP04 190
D-Galactose 900
Phenol Red (sodium salt) 10.0
Sodium pyruvate 550
The medium was obtained from Flow Laboratories without 
L-glutamine, which was added immediately prior to culture. 
Medium for guinea pig and human hepatocytes was supplemented 
with vitamin C ( !Tc»/>y/&) as these species have a dietary 
requirement for ascorbate.
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Complete L-15 medium (CL-15)
Leibovitz L-15 medium 1L
Foetal calf serum (Heat Inactivated) 50ml 
Tryptose phosphate broth 50ml
Potassium benzyl-penicillin 100,OOOi„u.
Streptomycin sulphate lOOmg
Insulin (sigma bovine) 6 .84mg
Hydrocortisone-21-sodium succinate 5.76mg
Formal Saline
NaCL 8g/L
KC1 0.2g/L
KH2 P04 0.2 g/L
Na2HP04 . 1.15g/L
Formaldehyde solution 100ml/L
Electrophoresis solutions
i ) Upper gel buffer : -
Irizma base 60„6g/L
SDS 0.4g/L
HC1 pH 6.8
ii) Lower gel buffer : -
Trizma base 182g/L
SDS 0.4g/L
HC1 pH 8.8
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iii) Sample buffer : -
Glycerol
Mercaptoethanol
SDS
Bromophenyl blue 
Trizma base 
: HCl
iv) Electrode buffer
Trizma base
Glycine
SDS
HCl
(SDS - sodium dodecyl-sulphate)
Alkaline Copper reagent
Na2C03
NaOH
CuS04
Sodium potassium tartrate 
Prepared freshly before assay.
150ml/L 
50ml/L 
23 g/L 
10mg/L 
7.6g/L 
pH 6.8
3.03 g/L 
14.4g/L 
lg/L 
pH 8.3
20g/L 
4 g/L 
0.2 g/L 
0.2 g/L
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Chapter 3
Investigation of cytochrome P450 activity 
in mouse hepatocyte suspensions, and the 
changes resulting from culture and exposure 
to inducing agents.
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3.1 INTRODUCTION
Since the discovery that intact viable parenchymal 
cells may be isolated by collagenase (Howard et al. 1967), 
hepatocyte suspensions and cultures have rapidly developed 
into useful tools for the study of xenobiotics and toxic 
chemicals (Grisham, 1979; Suolinna, 1982). The majority 
of this work has been performed with rat hepatocyte systems.
Mice are widely used in toxicology and they often exhibit 
differences in metabolism of xenobiotics when compared with 
rats, therefore it was decided to develop a cell isolation 
procedure for mouse hepatocytes. Previous workers at the 
University of Surrey have developed a method of cell isolation 
from rat liver slices treated with collagenase and hyaluronidase 
(Fry et al. 1976), but it was found impossible to utilise 
this methodology for the isolation of mouse hepatocytes.
Attempts to do so resulted in badly fragmented cells.
Successful cell preparations for use in metabolism studies 
have been obtained using a two step perfusion method 
(Dougherty K.K., et al. 1980) while a simplified one stage 
perfusion technique has been used within I.C.I. (Robson, R. , 
Personal communication), although not for metabolism studies.
The single stage perfusion technique as detailed in METHODS 
was used for these studies. However, the two step perfusion 
technique, later adopted for rat hepatocyte isolation, was 
also found to produce good results. With the single stage 
perfusion technique the first perfusion with calcium free 
medium normally used to loosen desmosome attachment between
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cells was found to be unnecessary with mouse liver. As this 
cell preparation technique had not previously been used for 
metabolism studies in this laboratory, it was decided to 
characterise the cells by use of light and electron microscopy, 
and to measure intracellular levels of glutathione (GSH) 
and adenosine triphosphate (ATP). These parameters have 
been reported to be useful indicators of membrane status. 
(Hogberg and Kristoferson 1977; Baur et al. 1975).
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3.2 RESULT S
3.2.1 Development of cell isolation procedure,
characterisation and viability of hepatocytes
Initially, it was attempted to modify the slice 
procedure used for rat hepatocyte preparation (METHODS), 
however the existing procedures were found to be too aggressive, 
resulting in a large number of fragmented and therefore non- 
viable, hepatocytes. A number of variations to the procedure 
were tried in order to improve the viability, for example 
inclusion of glucose in the saline washing solutions and
alternative digestion enzyme sources and concentrations.
A
The best results obtained were a yield of 8.2 x 10 viable 
cells per gram of liver with a viability of 57% as measured 
by trypan blue dye exclusion (METHODS). This result was 
obtained with millipore type I collagenase (0.05%) and sigma 
type I hyaluronidase (0.10%) with a 30 minute enzymic digestion 
time. This yield was thought to be low, and the preparation 
of too poor quality to be of practical value. Therefore 
the one step perfusion method for hepatocyte preparation was 
developed (METHODS). The yields from this procedure were 
typically 22.4 x 10^ cells/g ± 10.1 with a viability of 
79.9% ± 5.7 by trypan blue assessment, thus 40-50 million 
viable cells could be obtained from a single mouse. The 
two step perfusion method, later adopted for rat hepatocyte 
preparations, was also found to be successful for mouse 
hepatocyte isolation. Using this latter method the cells
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were found to be rather less susceptible to mechanical 
damage during the filtration of the digested liver. The 
data presented in this chapter however, were all produced 
from hepatocytes isolated by the one step method in order 
to obtain the maximum consistency.
For culture the hepatocytes were seeded into polystyrene 
25 cm falcon culture flasks at a density of 2 x 1 0  viable 
cells/flask in 4mls cL-15 medium (METHODS).
All hepatocyte preparations were assessed for viability 
by trypan blue exclusion prior to use. Cell cultures were 
maintained for up to 4 days, and examined daily by phase 
contrast light microscopy. Plate 3.1 shows the appearance 
of the cells after one and four days in culture. After 
24 hours in culture the hepatocytes became flattened and 
were found either in groups or an almost continuous monolayer 
depending on the seeding density. Small intercellular 
spaces between adjacent cells were observed similar to those 
reported by other workers to resemble bile cetnaliculi 
(Knipe et al. 1981) . With increasing time in culture the 
cells flattened still further, those on the edge of colonies 
developing finger like extrusions of cytoplasm onto the 
surface of the culture flask. Plate 3.2 shows Aetnatoxylin/ 
eosin stains of similar cultures. The oil red 0 stains 
shown in plate 3.3 demonstrate that there were lipid droplets 
present in newly attached cells, particularly at the edges 
of the cytoplasm. After 48 hours in culture these became
Plate 3.1 08 3
Phase contrast light micrographs of mouse hepatocyte
cultures.
24 hour culture
96 hour culture
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Plate 3*2 Light micrograph of hematoxylin/eosin stained 
mouse hepatocyte culture (72 hour).
Plate 3*3 Light micrograph of oil red fo 1 stained 
mouse hepatocyte culture (24 hour).
085
less evident, and may have been due to ingestion of all 
debris produced during the cell isolation procedure.
Transmission electron micrographs were taken of the 
cell cultures while still attached to the polystyrene 
substratum. Plate 3.4 is a section through two adjacent 
cells parallel to the flask surface and clearly shows a 
tight junction. Plate 3.5 is a longitudinal section through 
the culture flask and shows two flattened hepatocytes. A 
large number of mouse hepatocytes (30-40%) were seen to be 
binucleate, and they were also slightly larger in diameter 
than rat hepatocytes. Plate 3.6. shows an electron micro graph 
of freshly isolated hepatocytes prior to seeding in culture 
flasks.
Intracellular adenosine triphosphate (ATP) levels were 
measured in freshly isolated and cultured hepatocytes as 
described in the methods section. These data are shown in 
fig. 3.1. The ATP level in freshly isolated cells was 
22.54 ± 2.94 nmol/10^ cells (mean ±SD, n = 3) and this fell 
slightly after 4 days in culture to 19.56 ±3.26 nmol/10^ 
cells. The ATP content of whole mouse liver was 2.76 ± 0.21 
ymol/g, equivalent to 27.64 nmol/10^ cells assuming 100 x 10^ 
hepatocytes per gram of liver.
Reduced glutathione content (GSH), measured as non- 
protein sulphydryl (methods) was determined, and is shown 
in fig. 3.2. The intracellular GSH level in freshly isolated 
cells was found to be 34.99 ± 7.42 nmol/10^ cells (n =3),
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Plate 3.4
Electron micrograph of cultured mouse hepatocytes (48hr).
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088
Plate 3.6
Electron micrograph of freshly isolated mouse hepatocytes.
*
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Fig. 3 . 1
Intracellular ATP concentration in freshly isolated
and cultured mouse hepatocytes.
n mol ATP 
per 10  ^cells
25-
20"
0 1 2 3 4
Days in culture
Results are the mean +/— SD of 7 >lues obtained from 
3 animals ( 2 replicates per animal ). Zero time 
indicates freshly isolated cells.
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Pig. 3.2
Intracellular glutathione concentration in freshly 
isolated and cultured mouse hepatocytes.
n mol GSH 
per 106 cells
20"
0 1 2 3 4 
Days in culture
Results are the mean +/- SD of values obtained from 
3 animals.
091
this increased during the first 24 hours of culture and then 
remained fairly stable at 46.23 ± 4.13 nmol/106 cells after 
4 days. The GSH content of whole mouse liver was 4.67 ± 1.49 
ymol/g (n =4), equivalent to 47 nmol/106 hepatocytes.
3.2.2 Cytochrome P430 activity in freshly isolated
hepatocytes, comparison with microsomal preparations
Three model substrates were chosen to provide an 
indication of cytochrome P-450 activity in addition to carbon 
monoxide binding spectrum measurements. These were 
7-Ethoxycoumarin ( 7EC) , 7-Ethoxyresorufin ( 7ER) , and Aldrin 
(AL). 7EC undergoes 0-deethylation (ECOD), mediated by 
cytochrome P450, and is then further metabolised in hepatocytes 
to form sulphate and glucuronic acid conjugates. The substrate 
seems to be relatively non specific as it is catalysed by 
most forms of cytochrome P450, and it has been used in 
isolated cells by previous workers (Fry et al. 1978). 7-ER 
metabolism is also via 0-deethylation (EROD) and again forms 
both glucuronide and sulphate conjugates in whole cell systems. 
7-ER is a highly specific substrate and is catalysed by the 
cytochrome induced by 3-methyl cholaAthrene sometimes known 
as P-448 (Burke and Meyer 1974). Aldrin epoxidation (ALE) 
has been reported to be a sensitive indicator of monooxygenase 
activity, catalysed by the cytochrome P450 induced by 
phenobarbitone (Wolff et al. 1979). Dieldrin, the epoxide 
formed is stable and is not metabolised further. The 
methods used and pathways for these assays are given in the 
methods section.
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The time course of 7-EC metabolism by freshly isolated 
hepatocytes is shown in Fig 3.3 and table 3.1. The total 
7-hydroxycoumarin produced including conjugates was
10.47 ± 0.73 nmol/10^ cells/hour (n = 3). For comparison the 
rate of metabolism of 7-ethoxycoumarin by mouse microsome 
preparations was 5.96 ± 0.55 nmol/mg microsomal protein/hr, 
indicating that the hepatocytes were probably as competent 
as microsomes at this oxidation.
Freshly isolated hepatocytes were able to metabolise 
ethoxyresorufin at the rate of 0.061 ± 0.023 nmol/10^ cells/min, 
compared with 0.124 ± 0.014 nmol/mg microsomal protein/min 
in microsomes. The time course of aldrin metabolism is 
shown in fig. 3.4 and table 3.2. The rate of ALE was
38.29 ± 2.07 nmol/10^ cells/hour, which compares with a 
microsomal rate of 20.21 ± 4.29 nmol/mg microsomal protein/ 
hour. For comparison of cell and microsomal metabolism 
rates, mouse hepatocytes typically contain 2.5-3.0 mg total 
protein/10^ cells, of which perhaps 30% is microsomal.
Cytochrome P450 content of freshly isolated hepatocytes 
was measured by carbon monoxide difference spectrometry 
(Omura and Sato 1964), and was found to be 0.890 ± 0.019 
nmol/10^ cells (Table 3.8.). A typical carbon monoxide 
spectrum is shown in fig. 3.5. This level compares 
favourably with the level of 0.682 ± 0.030 nmol/mg protein 
found in microsomes. A noticeable 420 nm peak was present, 
possibly due to some degraded cytochrome P450, perhaps due 
to excessive sonication.
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Fig. 3.3
7-Ethoxycoumarin metabolism by isolated mouse hepatocytes.
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Results are the mean of values from 3 animals. 
( Data from table 3.1 )
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Pig. 3*4
Aldrin metabolism by isolated mouse hepatocytes.
40 *1
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o
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Results are the mean +/- SD of 3 animals. 
( Data from table 3.2 )
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Pig. 3.5
Carbon monoxide binding spectrum of freshly isolated 
mouse hepatocytes.
0.05 A
— I
500 nM
i i— -----  j—
400 425 450 475
Sample cuvette - Dithionite + CO 
Reference cuvette - Dithionite only 
Tris buffer pH 7.4 (0.1M) + 20% Glycerol. 
2 x 1 0 ^  Cells per ml.
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Table 3.1. 7-Ethoxycoumarin metabolism by isolated mouse 
hepatocytes
Time Free Glucuronide Sulphate Total 
(min)
5
13
30
60
0.568 0.270 0.241 1.08
±0.070 ±0.049 ±0.049 ±0.11
0.747 0.729 0.643 2.12
±0.086 ±0.052 ±0.083 ±0.19
1.14 2.39 1.43 4.97
±0.02 ±0.09 ±0.08 ±0.17
1.52 6.21 2.74 10.47
±0.02 ±0.56 ±0.18 ±0.73
Results are the mean ± SD of values obtained from 3 cell 
preparations expressed as nmol 7 hydroxycoumarin produced 
per 10^ hepatocytes.
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Table 3 • 2 Aldrin metabolism by isolated mouse
Time (mins ) nmol/10^ Cells
3 3.96 ± 0.23
13 9.83 ±0.36
30 21.58 ± 1.13
60 38.29 ± 2.07
Results are the mean ± SD of values 
obtained from 3 preparations
hepatocytes
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3.2.3 Effects of short term culture on cytochrome P450
activity
ECOD, and ALE activities were measured after 1, 2, 3 
and 4 days in culture in order to assess the loss of cytochrome 
P430 that had been previously reported. At the same time 
the total P430 content was determined by carbon monoxide 
spectra. The time course of ALE and ECOD activity in control 
mouse cultures are shown in table 3.3. It will be noted 
that there was a dramatic loss of ECOD activity during the 
first 24 hours of culture, after which there was a small 
recovery to approximately 21% of the level of freshly isolated 
cells after 4 days in culture. ALE activity also dropped 
sharply during the first 24 hours of culture, but then 
continued to drop over the 4 days of culture. Fig. 3.6. 
shows the loss of these activities expressed as a percentage 
of the activity in freshly isolated cells. EROD activity 
was also measured on day 4 of culture and was found to 
have increased slightly to 0.184 ± 0.108 nmol/10^ cells/ 
minute (Table 3.4)
The total cytochrome P43O content is shown in table 
3.8, and this also decreased rapidly during the first 24 
hours in culture, and continued to decrease slowly over the 
next 3 days in culture.
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Table 3
ECOD
ALE
3 Effect of time* on 7-ethoxycoumarin and Aldrin 
metabolism by cultured mouse hepatocytes
Days in culture 
0 1 2 3 4
10.47 1.69 1.93 2.14 2.23
tO.73 Î0.09 Î0.13 tO.12 Î0.33
39.29 4.13 3.15 1.34 1.24
t 2.07 1 0.45 tO.29 ±0.09 1 0.89
Results are expressed as the mean ± SD 
of 3 preparations (nmol/10^ cells/hr)
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Fig. 3.6
Time course of ALE and ECOD activity loss in cultured 
mouse hepatocytes.
100
90 -
-P
30 -
20 -
0 3 41 2
Days in culture
Results are the mean of 3 cell preparations, expressed 
as percentage of activity in freshly isolated hepatocytes. 
(Data from table 3.3).
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3.2.4. Induction of cytochrome P450 in culture by 
sodium phenobarbitone and g-naphthoflavone
(i) Induction of activity
Mouse hepatocyte cultures were induced by exposure 
to 2.0 mM sodium phenobarbitone (PB) or 20 ym 3-naphthoflavone 
(BNF), concentrations which did not decrease cell viability. 
These agents were added to fresh culture medium at day 1 in 
lOOyl saline (PB) or 5yl dimethyl formamide (BNF). The 
culture medium and inducing agents were changed every 24 
hours until day 4 of culture, when they were changed for 
fresh CL 15 medium with no inducing agents present. The 
cells were incubated for 2 hours in this medium prior to 
measurement of mixed function oxidase activity. The model 
substrates , AL and 1-£R were again used to assess
induction of activity. The effect of phenobarbitone on the 
metabolism of these substrates by mouse hepatocyte cultures 
is shown in table 3.4.
ECOD activity was increased by 7.62 fold after 
phenobarbitone treatment, fo 17.02 nmol/106 cells/hr an 
activity greater than that found in freshly isolated cells.
ALE was also increased,by 3.17 fold, although because of 
the dramatic loss of activity on culture this did not 
approach the level in freshly isolated hepatocytes. EROD 
activity would not be expected to be induced by phenobarbitone, 
and this was found to be the case. The activity following 
PB exposure was slightly reduced at 0.88 of the control level.
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Table 3.
ECOD 
nmol/10
ALE
nmol/10
EROD
nmol/106
4. Metabolism of 7-EC , AL and 7-gfc by mouse
hepatocyte cultures after 3 days exposure to 
2.0 mM sodium Phenobarbitone
cells/Hr
cells/Hr
Control Induced Fold
Rate Rate increase
2.23 17.02 x7.62
±0.33 ±3.92
1.24 3.93 x3.17
±0.89 ±0.73
0.184 0.162 x0.88
cells/Min
±0.108 ±0.023
Results are the mean ± SD of 3 preparations
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The rates of metabolism of these three substrates 
following exposure to BNF are given in table 3.5. ECOD 
activity was again increased, this time by 3.33 fold to 7.44 
nmol/10^ cells/hour, a level just below that in freshly 
isolated cells, and above that at day 1 when the BNF was 
first given. As expected with this inducing agent, ALE 
activity was not increased, and was slightly reduced at 0.86 
of that in control cultures. EROD showed the largest 
increase in activity to 0.988 nmol/10^ cells/min, 5.34 fold 
that in control cells, and considerably higher than that in 
freshly isolated hepatocytes. These results were considered 
to be consistent with those expected of a cytochrome P448 
inducer such as BNF.
ii ) Selective inhibition of cytochrome(s ) P450 after induction
Three inhibitors of the cytochrome P450 system were 
chosen for these studies, a-naphthoflavone (aNF), metyrapone 
(MET), and SKF 525A (SKF). aNF is thought to specifically 
inhibit the 3-naphthoflavone induced cytochrome P448,'while 
MET and SKF inhibit the phénobarbital inducible form of 
cytochrome P450. The inhibitors were added to the culture 
medium at a final concentration of 10~^M in 5pi dimethyl 
formamide,10 minutes prior to incubation with the model 
substrates. In the case of the ECOD assay, and to the 
cuvette containing cell homogenates for EROD assay and 
the microsomal assays.
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Table 3.
ECOD
nmol/10
ALE , 
nmol/10
EROD , 
nmol/10
5. Metabolism of 7-EC, AL and 7-ER by mouse
hepatocyte cultures after 3 days exposure
to 20 pM 3-naphthoflavone
cells/hr
cells/hr
cells/min
Control Induced Fold
rate Rate increase
2.23 7.44 x3.33
±0.33 ±0.87
1.24 1.07 xO.86
±0.89 ±0.79
0.184 0.988 x5.34
±0.108 ±0.133
Results are the mean ± SD of 3 preparations
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Fi g. 3.7 shows the inhibition of ECOD obtained in 
microsomes prepared from animals induced with PB and BNF 
in vivo, for comparison with the results obtained in 
culture. None of the compounds were strong inhibitors of 
ECOD activity in microsomes from control mice, but this 
oxidation was strongly inhibited by MET and SKF in microsomes 
from animals pretreated with phenobarbitone, and by aNF 
in microsomes from those given g-naphthoflavone.
Inhibition of ECOD metabolism in mouse hepatocyte 
cultures is shown in table 3.6. and fig. 3.8. The 
results were similar to those obtained with the microsomes 
obtained from animals induced in vivo* ECOD activity in 
cells exposed to phenobarbitone were inhibited by MET and 
SKF. The activity in cultures exposed to 6-naphthoflavone 
was strongly inhibited by aNF, was unaffected by MET, and 
was slightly stimulated by SKF.
Table 3.7. and fig. 3.9. show the effects of inhibitors 
on EROD activity in culture. In the case of this substrate 
control rates were inhibited both by aNF and SKF, as were 
the rates in phenobarbitone induced cultures, but in those 
induced with g-naphthoflavone^activity was very strongly 
inhibited by aNF, but not by SKF. These results at first 
appear surprising but probably reflect a lack of complete 
substrate and inhibitor specificity for the forms of 
constitutive P450 responsible for 7-ER metabolism in control 
and PB induced cultures. All of the inhibitor studies do 
however show differences in inhibitor response following 
exposure to PB or BNF.
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Table 3.6.
Inducer
None
PB
2 . OmM
BNF
ZOjjM
Inhibition of ECOD activity in 4 day mouse
hepatocyte cultures after induction by
phenobarbitone and g-naphthoflavone
Inhibitor nmol/10^ cells/hr. % Control
None 2.23#).33 -
aNF 1.32 ±0.20 59%
MET 1.49 +0.26 66%
SKF 2.53±0.34 112%
None 17.02±3.92
aNF 14.91 ±5.08 " 88%
MET 5.43 ±1.33 32%
SKF 2.81+0.46 17%
None 7.44±0.87
aNF 1.37±0.04 18%
MET 7.43 ±1.76 100%
SKF 11.35±0.14 153%
Results are the mean ± SD of 3 
preparations Inhibitor concentration 
10'^M
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Table 3.7.
Inducer
None
PB
2 . OmM
BNF
20uM
Inhibition of EROD activity in 4 day mouse
hepatocyte cultures after induction by
phenobarbitone and B-naphthoflavone
Inhibitor nmol/10^ cells/min % control
None 0.184±0.108
oCNF <0.005 <5%
SKF <0.005 <5%
None 0.162+0.023
XNF <0.005 <5%
SKF 0.045+0.020 28%
None 0.988±0.133
(<NF <0.005 <0.5%
SKF 0.931± 0.150 94%
Results are the mean ± SD of 
3 preparations
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Pig. 3.7
Inhibition of ECOD activity in mouse microsomes prepared
from animals pre-treated with phenobarbitone and
p-naphthoflavone.
% Control
1 2 0 - 
1 0 0 -  
80 - 
60 -
40-
20-
0
Not Induced PB BNF
Results are the mean of values obtained from 4 animals. 
Inhibitor concentration 10
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Pig. 3.8
Inhibition of ECOD activity in four day mouse hepatocyte
cultures after in vitro induction by phenobarbitone
and p-naphthoflavone.
% Control
120 - 
10 0 - 
80- 
60 - 
40 
20
0
«
GQ
Not Induced PB BNP
Results are the mean of 3 cell preparations 
Inhibitor concentration 1O~^ M.
(Data from table 3.6)
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Fig. 3.9
Inhibition of EROD activity in four day mouse hepatocyte
cultures after induction by phenobarbitone and
p-naphthoflavone.
% Control
120 - 
100 
80 
60 * 
40 
20 i 
0
&H k
a bej
co %
r — i 1------- Ï - 1-------1
aco %
Not Induced PB BNF
Results are the mean of three cell preparations. 
Inhibitor concentration 10 
(Data from table 3.7)
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iii) Carbon monoxide spectra of induced cytochromes
After 4 days in culture the hepatocytes were harvested 
and homogenised by sonication prior to estimation of the 
total cytochrome P450 content as described in METHODS.
The results of this are shown in table 3.8. The amount of 
cytochrome P450 did decrease during the 4 days during which 
the cells were cultured^ however the level on day 4 in 
hepatocytes exposed to phenobarbitone was 0.137 nmol/10^ cells 
compared with 0.057 in control cultures, an increase of 2.4 
fold.
Cultures treated with 3-naphthoflavone contained 
0.115 nmol/10^ cells, an increase of 2.0 fold over control. 
These figures indicate either a decreased rate of P450 loss 
in the cultures exposed to inducing agents, or increased 
synthesis of one or more of the P450 types. The data from 
the three sample substrate assays would seem to favour the 
latter explanation.
iv) SDS gel electrophoresis of microsomes from induced 
cultures
Mouse hepatocytes were isolated and cultures set up 
in complete L-15 medium as in the induction experiments 
with model substrates. After 24 hours in culture the 
medium was replaced with fresh medium containing either 
2.OmM phenobarbitone or 2Ôpm 3-naphthoflavone. After a 
further 24 hours the medium was again replaced by fresh
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Table 3.8. Induction of total cytochrome P4-50 in mouse
cultures by phenobarbitone and g-naphthoflavone
Freshly Day Day Day Day
Isolated 1 2 3 4
Control 0.890 0.199 0.102 0.065 0.057
±0.019 ±0.013 ±0.014 ±0.012 ±0.003
PB 2mM - - 0.134 0.156 0.137
±0.011 ±0.031 ±0.017
* **
BNF 20ym - - 0.112 0.132 0.115
±0.016 ±0.008 ±0.012
XX* XX
Results are the mean ± SD of 3 determinations and are
* Students t distribution function P(t)<0.01
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medium containing the inducing agents plus L-methionine
with a specific activity of IpQ/ml. The specific activity 
3 5 /of the S methiomneused to prepare this L-15 medium was 
sufficiently high to ensure that the total methionine concen­
tration of the medium was not significantly changed. The 
hepatocyte cultures were pulse labelled with this medium 
for 4 hours after which the monolayers were washed with 
saline, homogenised, and the microsomal cell fractions were 
prepared as described in the methods section. The microsomal 
proteins were separated by SDS poly acrylamide gel electro­
phoresis (SDS PAGE, methods). Each sample track was cut 
into 65 x 2mm strips in order to measure the ^ S  methionine 
present in each strip.
Protein standards of known molecular weight were also 
run on separate tracks of the SDS gel so that molecular 
weight could be plotted against strip number. The molecular 
weight range 48,000 to 55,000 dal tons was found to cover 
strips 42 to 47 in this case.
Fig. 3.10 is a histogram plot of disintegrations per 
minute (DPM) against strip number, for control and induced 
cultures. The high background level of radioactivity prevents 
definitive interpretation of these traces, however the 
cultures exposed to phenobarbitone do show an increased 
level of radioactivity at strip 46 (49,000 dal tons approx.), 
while those exposed to g-naphthoflavone show increased 
incorporation in the region of strips 42 to 43 (54,000 to 
55,000 daltons)
Fig.
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*.10 35s L - Methionine incorporation into induced 
hepatocyte cultures
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3.3. Discussion
The isolation of adult mouse hepatocytes from liver 
slices was not practicable with the mouse strain used 
here. Accordingly a collagenase/hyaluronidase perfusion 
technique was developed, which provided a large yield of 
hepatocytes with high viability as determined by trypan 
blue dye exclusion. Light microscopy of stained cultures 
revealed well flattened attached cells without severe lipid 
vacuolation, and little fibroblast growth during the first 
four days of culture. Electron microscopy showed apparently 
normal hepatocytes, and co-factor measurements revealed 
normal concentrations of ATP and glutathione. Glutathione 
levels in particular have been previously shown to be good 
indicators of cellular damage in rat hepatocytes (Hogberg 
and Kristoferson 1977).
Possibly the best indication of cellular viability was 
provided by the data from the metabolism of cytochrome P450 
substrates. 7-Ethoxycoumarin in particular requires 
NADPH for phase I metabolism, and also the generation of 
UDP-glucuronic acid and phospho-adenosyl-phosphosulphate 
for subsequent phase II conjugation, both of which require 
ATP for formation (Fry and,Bridges, 1980). The ability of the 
isolated hepatocytes to attach to culture flasks and flatten 
is also in itself an indication of viability.
Cytochrome P450 activity was successfully demonstrated 
in both suspension and cultures with three substrates. A 
loss in cytochrome P450 content and activity was noticed
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in untreated cultures and this was similar to losses
previously reported with hepatocyte cultures from mice and
other species (Dougherty et al. 1980; Paine and Legg 1978).
Cytochrome P4-50 content and activity was induced by
both phenobarbitone and 3-naphthoflavone. The profile of
cytochrome P450 isozymes induced was however not the
same with the two inducing agents, and this was further
demonstrated by the use of selective inhibitors. The
inhibition pattern obtained in vitro was similar to that
observed after induction in vivo. The difference in the
pattern of induction was further supported by the data from
the SDS PAGE experiments which showed increased incorporation
of radiolabelled methionine into proteins of different
molecular weights, depending on the inducing agent present.
The increased methionine incorporation, together with induced
enzyme activities being equal to or greater than in freshly
isolated hepatocytes,suggest that actual induction of cytochrome
P450 synthesis was achieved, rather than effects due to the.
activation or protection of existing enzyme. The type of 
induction achieved also seems to be like that found following 
in vivo exposure to the inducing agents, at least in 
respect to the substrates used in these studies, and it is 
suggested that cultured hepatocytes may form a suitable 
model for the study of cytochrome P450 induction in the 
mouse.
Some potential problems do remain in using mouse
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hepatocytes for induction studies. The amount of cytochrome 
P450 present in the hepatocytes decreases markedly during 
the first 24 hours of culture, and even after induction the 
level does not approach that in freshly isolated cells. 
However, this also means that the induced activities of ECOD 
and EROD are very high indeed when expressed per nmol 
cytochrome P450 present in the cultures, indicating highly 
selective induction. This phenomenon could conceivably be 
of use when investigating the induction of specific cytochrome 
groups. Aldrin metabolism was much decreased in cultures 
compared with freshly isolated cells, and did not show the 
dramatic induction that might therefore be expected when 
starting from a low basal activity. If may be that aldrin 
is a highly specific substrate for one of the constitutive 
P450 types that is increased by phenobarbitone induction 
in vivo but which is not markedly induced in vitro. This 
is quite likely since at least four PB induced cytochromes 
have already been isolated from animals induced in vivo 
(Guengerich et al. 1982). Aldrin may therefore be a very 
useful substrate for the study of specific isozymes, but 
it is not suitable for use as a general marker of 
phenobarbitone induction.
It seems likely that the constitutive P450 forms are 
regulated by an as yet unknown humoral control mechanism 
not present in the in vitro cultures. Whether this is a 
disadvantage or an advantage depends on the nature of the 
study and information required.
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Chapter 4
Induction of cytochrome P450 activity in 
primary rat hepatocyte cultures
119
Chapter 4 - Contents
4.1. INTRODUCTION 120
4.2. RESULTS 122
4.2.1. Development of cell isolation procedure, 122
characterisation and viability of hepatocytes
4.2.2. Cytochrome P450 activity in freshly isolated 130
hepatocytes
4.2.3. Effects of short term culture on cytochrome 136
P450 activity
4.2.4. Induction of cytochrome P430 in culture by 142
sodium phenobarbitone, g-naphthoflavone and 
safroles
(i) Induction of activity 142
(ii) Selective inhibition of cytochrome(s ) 146 
P450 after induction
(iii) Effect of inducing agents on metabolism 151 
of a homologous series of substituted 
resorufins
(iv) Carbon monoxide spectra of induced cytochromes 155
(v) Sodium dodecyl sulphate poly-acrylamide 155 
gel electrophoresis of microsomes induced 
cultures
4.3. DISCUSSION 159
120
4.1. INTRODUCTION
Rat hepatocyte suspensions and cultures have become 
increasingly popular for metabolism studies (Fry and 
Bridges 1977), and now represent the most common intact 
cell system used in xenobiotic studies. Several methods 
of isolation and culture have been reported using slicing 
or perfusion techniques coupled with enzymic digestion by 
collagenase or collagenase/hyaluronidase mixtures. Initially 
it was decided to use the slice technique for cell preparation.
(Fry et al. 1976), as it was felt that the technique would 
facilitate easy comparison between species. When it was 
discovered that the technique was not effective with mouse 
liver however, it was decided to use a perfusion method for 
rat cell preparation also, to aid comparisons between the 
two species. In addition the perfusion methods confer 
several advantages; notably improved yield and viability, 
the ability to use more mature auimals, and less sensitivity 
to animal strain. The latter of these was particularly 
important as considerable difficulty was experienced when 
using ICI bred animals rather than those bred at the University 
of Surrey.
The methods used to characterise mouse hepatocytes were 
also employed to demonstrate that the cell isolation procedure 
had been successfully translated to the ICI laboratories.
The effect of inducers of cytochrome(s ) P450 on the cultures
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were then investigated as before, with the addition of an 
extra range of ’model 1 substrates. A series of substituted 
resorufins (kindly donated by Dr. M. D. Burke and Dr. S. 
Thompson of the University of Aberdeen), which have been 
previously been demonstrated to possess specificity for 
different cytochrome P450 types depending on the chain length 
of the substituent alkyl group (5. Thompson, 1984). The 
latter work was performed in collaboration with Dr. Thompson.
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4.2. RESULTS
4.2.1. Development of cell isolation procedure,
characterisation and viability of hepatocytes
Rat hepatocytes were isolated either by the slice 
method or by the two step perfusion technique (METHODS).
Slicing typically produced cells of 85% viability (as 
assessed by trypan blue dye exclusion), with a yield of 
20 x 106 cells per gram of liver. The optimum rat body 
weight for this method was found to be 60-90g, however 
it was found to be possible to use animals of up to 180g 
if care was taken during the slicing procedure. It was 
also noticed that much greater care was needed with animals 
bred at ICI than with animals bred at the University of 
Sucrey where the technique was developed (Fry et al. 1976). 
Alternatively hepatocytes were isolated by a derivation of 
the Se glen two step perfusion method (Se glen 1972), as 
described in the methods section. This technique typically 
yielded 40 x 10^ cells per gram of liver with a viability 
of greater than 90%. Rats of 200-250g were found to be 
very suitable for this method of preparation as they were 
sexually mature, and the large livers gave a high yield of 
hepatocytes.
Hepatocytes prepared by the perfusion technique were 
used for the culture and induction experiments, although 
for the purpose of comparison with previous work, the
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metabolism of some cytochrome P450 substrates was measured 
using cells freshly isolated by the slice technique.
Cell preparations were routinely assessed by trypan 
blue dye exclusion, and cell cultures were examined daily 
by phase contrast light microscopy. The appearance of the 
cells after 1 day in culture is shown in plate 4.1.
The cells flattened during the first 24 hours of culture, 
and small intercellular spaces were seen similar to those 
found with mouse hepatocyte cultures. Approximately 20-25% 
of the cells were binucleate. Plate 4.2. show cultures 
stained with hematoxylin/eosin, and similar cultures stained 
with oil red 'O'are shown in plate 4.3. Lipid droplets 
are seen in the 24hr cultures similar to those observed 
with mouse cells.
Transmission electron micro graphs were taken of the 
cell cultures, and plate 4.4 is of a 24 hour culture which 
clearly shows the lipid droplets mentioned earlier. Plate 
4.5 is of a 48 hour cdilture and shows the junction between 
two cells. Plate 4.6 is a longitudinal section of a 
48 hour culture.
Intracellular ATP levels were measured as in mouse
hepatocytes, and are shown in fig. 4.1. The ATP content
of freshly isolated cells was 25.55±2.70 nmol/10^ cells
(mean±SD, n =3), this decreased during the first 24 hours
£
of culture and then remained constant at around 15 nmol/10 
cells (da_y 4).
Plate 4.1
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Phase contrast light micrograph of rat hepatocyte
culture (24 hour).
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Plate 4.2 Light micrograph of hematoxylin/eosin stained
rat hepatocyte culture (48 hour).
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Plate 4.3 Light micrograph of oil red fo f stained 
rat hepatocyte culture (24 hour).
126
Plate 4-4
Electron micrograph of cultured rat hepatocytes (24hr).
Plate 4.5
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Electron micrograph of cultured rat hepatocytes (48hr).
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Plate 4.6
Electron micrograph of cultured rat hepatocytes (48hr) 
(Longitudinal section)
*
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Pig. 4.1
Intracellular ATP levels in freshly isolated and 
cultured rat hepatocytes•
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Results are the mean +/- SD of cell preparations from 
3 animals (2 replicates per animal).
Zero time indicates freshly isolated cells.
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Reduced glutathione content (GSH) was also determined, 
and is shown in fig. 4.2. Freshly isolated cells contained 
34,35±1.96 nmol/105 cells (n = 3). T his value rose slightly 
on days 1 and 2 of culture before returning to 36.97±5.67 
nmol/105 cells by day 4. Both the ATP and GSH data are 
for cells prepared by the perfusion technique, and was 
similar to the data observed with mouse cultures (figs.
3.1 & 3.2), although there was no initial loss of ATP in 
mouse cultures. The ATP and GSH concentrations were 
comparable with data obtained from rat hepatocytes by other 
workers (Grisham 1979).
4.2.2. Cytochrome P430 activity in freshly isolated hepatocytes
Three substrates, 7-Ethoxycaumarin (7-EC) 7-Ethoxy- 
resorufin (7-ER), and Aldrin (AL) were chosen to give an 
indication of cytochrome P450 activity. The metabolism 
of these substrates was measured as detailed in the methods 
section.
Table 4.1. and Fig. 4.3. show the time course of 7EC 
metabolism in rat hepatocytes isolated by the perfusion 
technique. The rate of production of total dééthylation 
products was 12.00+0.33 nmol/105 cells/hour with the 
majority of 7-hydroxycoumarin being further metabolised to 
the glucuronide or sulphate. Table 4.2 and Fig. 4.4 show 
the data obtained from hepatocytes prepared by the slice 
technique for comparison. The rate was very similar at 
ll.l3il.37 nmol/105 cells/hour. The reaction was linear
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Fig. 4.2
Intracellular glutathione concentration in freshly 
isolated and cultured hepatocytes.
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Results are the mean +/- SD of preparations from 3 
animals (2 replicates per animal).
Zero time indicates freshly isolated cells.
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Table 4.1. 7-Ethoxycoumarin metabolism by isolated rat 
hepatocytes (Prepared by perfusion)
,. 7-hydroxycoumarinTime
(min) Free Glucuronide Sulphate Total
5 0.35 0.40 0.33 1.08
-0.04 ±0.03 ±0.02 ±0.08
15 0.80 1.03 0.94 2.77
±0.04 ±0.05 ±0.06 ±0.23
30 0.98 3.67 2.70 7.35
±0.07 ±0.06 ±0.19 ±0.23
60 1.03 7.13 3.84 12.00
±0.06 ±0.26 ±0.22 ±0.33
Results are the mean ±SD of 3 preparations 
expressed as nmol 7-hydroxycoumarin/I06 cells
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Fig. 4.3
7-Ethoxycoumarin metabolism by isolated rat hepatocytes. 
(Prepared by perfusion method)
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Results are the mean of 3 cell preparations. 
(Data from table 4.1)
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Tâble 4.
T ime 
(min)
5
15
30
60
2. 7-Ethoxycoumarin metabolism by isolated rat
hepatocytes (Prepared by slice method)
7-hydroxycoumarin 
Free Glucuronide Sulphate Total
0.18 Q.38 0.37 0.93
±0.06 ±0.06 ±0.05 ±0.09
0.84 1.05 0.84 2.73
±0.12 ±0.15 ±0.04 ±0.11
1.11 2.64 2.03 5.78
±0.10 ±0.25 ±0.10 ±0.39
1.10 5.98 4.05 ' 11.13
±0.11 ±0.62 ±0.88 ±1.57
Results are the mean ±SD of 3 preparations 
expressed as nmol 7-hydroxycoumarin/lO6 cells
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Fig. 4.4
7-Ethoxycoumarin metabolism by isolated rat hepatocytes. 
(Prepared by slice method)
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Results are the mean of 3 cell preparations. 
(Data from table 4.2 )
136
over the first hour of incubation with hepatocytes prepared 
by both methods. Ethoxyresorufin metabolism by freshly 
isolated rat hepatocytes (perfusion) was found to be 
0.004-±0 .001 nmol /10^ cells/min (n = 3). Aldrin epoxide 
formation (ALE) by hepatocyte isolation by both methods is 
shown in table 4.3 and Fig; 4.5. Aldrin metabolism by 
slice hepatocytes (9.89±0.56 nmol/10^ cells/hr) was found 
to be lower than that by perfusion hepatocytes (17.99±0.29) 
nmol/10^ cells/hr). Overall the results were similar to 
those observed with mouse hepatocytes and consistant with 
previous research at the University of Surrey.
The cytochrome P450 content of the freshly isolated
cells was 0.286±0.017 nmol/106 cells (Table 4.10), and a 
typical spectrum is shown in Fig. 4.6.
4.2.3. Effects of short term culture on cytochrome P45Q 
activity
As with mouse cultures EC0D, ALE and P450 content was 
determined after 1, 2, 3, & 4 days of culture, together 
with the cytochrome P450 content. Table 4.4 shows a decrease 
in EC0D and ALE activity in culture. EC0D activity decreased 
during the first 24 hours of culture to 27% of the level 
determined in freshly isolated cells, after which the 
activity remained fairly constant. ALE activity fell to 
51% after 24 hours and to 37% after 48 hours after which it
remained constant. Fig. 4.7. shows these data plotted as
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Table 4.3. Aldrin metabolism by isolated rat hepatocytes
Time Perfusion method Slice Method
(mins) nmol/ld^ Cells nmol/lO^ Cells
3 2.45±0.22 1.1010.15
15 4.35H .15 3.0410.10
30 9.99+0.26 5.38+0.47
60 17.9910.29 9.89+0.56
Results are the mean ISO of hepatocyte preparations 
from 3 animals
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Pig. 4.5
Aldrin metabolism by isolated rat hepatocytes.
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mean of preparations from three animals.
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Carbon monoxide binding of freshly isolated rat 
hepatocytes.
0.08 A
475450400
Sample cuvette - Dithionite + CO
Reference cuvette - Dithionite only ^
Tris buffer pH 7.4 (0.1M) + 20% glycerol. 2 x 10~' celljr/m.1
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Table 4.4
Enzyme
activity
ECOD
ALE
EROD
Effect of culture on ECOD, EROD and ALE 
activity in rat hepatocyte 5
Days in culture 
1 2  3
11.13 3.24 3.18 2 .80 2.53
±1.57 ±0.30 ±0.32 ±0.43 +1.02
17.99 9.33 6.78 6.77 6.84
±0.29 ±0.72 ±0.55 ±0.80 ±1.58
0.004 0.002 0.007 0.004 0.002
±0.001 ±0.001 ±0.001 ±0.001 ±0.001
Results are the man ±SD of 3 hepatocyte 
preparations expressed as nmol/106 Cells/Hr 
Zero time values represent freshly isolated 
cells
Fig. 4.7
Effect of culture on ALE and ECOD activity in rat 
hepatocytes.
100
90
80
70
60
50
ALE40
30
ECOD
20
10
0 321 4
Days in culture
Results are the mean of 3 cell preparations expressed 
as % activity in freshly isolated hepatocytes.
142
a percentage of freshly isolated activity against time in 
culture. EROD activity was also measured on days 1 to 4, 
and was found to have decreased slightly to 0.002 nmol/10^ 
cells/minute by day 4 (Table 4.4).
Total cytochrome P450 content is shown in Table 4.10, 
and was found to decrease sharply to 0.033 nmol/10^ cells 
during the first 24 hours of culture, and then dropped 
more slowly to 0.027 nmol/10^ cells by the fourth day.
Initial experiments were performed using medium not 
containing insulin or corticosterone. Incorporation of these 
hormones into the medium was found to improve cell attachment 
and flattening. It had no effect on the metabolism of 
ethoxycoumarin or ethoxyresorufin by the cultures and were 
therefore used in all subsequent experiments.
4.2.4. Induction of cytochrome P43Q in culture by sodium 
phenobarbitone, 3-naphthoflavone and safroles
i ) Induction of activity
The cell cultures were exposed to 2-0mM sodium pheno­
barbitone or 20yM 3-naphtho flavone after the first 24 hours 
of culture as described in the methods section. A third 
type of inducing agent, the methylenedioxyphenyl compounds 
(MOPS) was also investigated. These compounds have previously 
been found to be inducers of a cytochrome similar in 
character to the P448 type (Elcombe 1976, . Dickens 1977).
The MDPS, dissolved in 10pi dimethylformamide were added to
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Table 4.5. Metabolism of 7-EC, AL, and 7-ER by rat
hepatocyte cultures after 3 days exposure 
to 2. OmM sodium phenobarbitone
Enzyme
activity
Control
Rate
Induced
Rate
Fold
Increase
ECOD
nmol/10 cells/Hr
2.55
±0.05
13.10 
± 5.04
x5.13
ALE
nmol/10 cells/Hr
6.34 
± 1 .58
5.41 
± 1.25
x0.79
EROD 0.002
nmol/10 cells/min ±0.002
0.040
±0.004
x 20
Results are the mean ±SD of 3 hepatocyte
preparations
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I able 4.6. Metabolism of 7-EC, AL and 7-ER by rat
hepatocyte cultures after 3 days exposure to 
20]jM 3-naphthoflavone
Enzyme
activity
Control 
Ra te
Induced
Rate
Fold
Increase
ECOD 2.53
nmol/10 cells/hr ±0.51
11.75
±2.55
x4.60
ALE 6.84
nmol/10 cells/hr ±1.58
5.29
±0.95
xO.77
EROD 0 . 002
nmol/10 cells/hr ±0.002
0.480
± 0.101
x2 40
Results are the mean ±SD of 3 hepatocyte 
preparations
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Table 4.7. Metabolism of 7-EC by rat hepatocyte cultures
after 3 days exposure to safrole, isosafrole 
and dihydrosafrole (5OpM)
Inducing agent 7-0H Coumarin
nmol/10^cells/hr
Fold
Induction
Control 4.42+0.43
Safrole 5.17+0.48 xl .17
Isosafrole 5.88+0.60 xl. 33
Dihydrosafrole 6.50±0.48 xl .47
Results are the mean ±SD of 3 hepatocyte
preparations
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the cultures to give a final concentration of 50uM. This 
concentration was found to be the maximum non-toxic level 
by trypan blue dye exclusion.
The effect of phenobarbitone on ECOD, ALE, and EROD 
is shown in Table 4.5. ECOD activity was increased by
5.13 fold to 13.10 nmol/10^ cells/hr, an activity slightly 
greater than that in hepatocytes freshly isolated from 
control animals. ALE activity was not increased by pheno­
barbitone exposure, rather it fell slightly to 77% of the 
control level. Unexpectedly EROD activity was increased 
by 20 fold, although even at 0.040 nmol/10^ cells/min 
this was still a low level.
Table 4.6. shows the effects of 3-naphthoflavone on 
these substrates. ECOD activity was increased by 4.6 fold 
to a level approximately the same as that in freshly prepared 
cells. ALE activity was again slightly decreased while 
EROD metabolism increased by 240 fold to 0.480 nmol/106 cells/ 
min, a very marked induction.
Isosafrole, safrole and dihydrosafrole had very little 
effect on ECOD activity, and the results of these experiments 
are shown in Table 4.7. Small increases were seen, the 
largest with dihydrosafrole at 1.47 fold.
ii) Selective inhibition of cytochrome(s) P45O after 
induction
Inhibitors were used to further elucidate the nature 
of the increases in model substrate metabolism after exposure
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T able 4.8.
Inducer
None
PB 2.OmM
BNF 20pm
Inhibition of ECOD activity in 4 day rat
hepatocyte cultures after induction by
phenobarbitone and 3-naphthoflavone
Inhibitor nmol/lO^cells/hr % control
None 2 .55±1.02
ONF 2.12-0.35 90%
MET 2.15- 0.74 86%
SKF 1.13*0.65 42%
None 13 .10±5 .04
otNF 6.25±2.60 48%
MET 6.51± 1.32 56%
SKF 3.88+ 0.78 33%
None 11.75*2.55
cxNF 3.00*0.60 27%
MET 18.03* 7.84 148%
SKF 17.36*13.56 151%
:Results are the mean ±SD of 3 preparations
Inhibitor concentration 10~^M
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Pig. 4.8
Inhibition of ECOD activity in 4 day rat hepatocyte
cultures after induction by phenobarbitone and
B-naphthoflavone.
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Results are the mean of 3 cell preparations. 
Inhibitor concentration 10 
(Data from table 4.8)
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Table h » 9. Inhibition of EROD activity in 4 day rat 
hepatocyte cultures after induction by 
phenobarbitone and g-naphthoflavone
Inducer Inhibitor nmol/10^ cells/min % control
None 0.002+0.002
None aNF <0.001 <50%
SKF 0.002+0.002 100%
None 0.040±0.004 -
PB 2.OmM aNF <0.001 <5%
SKF 0.016+0.004 40%
None 0.480+0.101
BNF 20pm aNF <0.001 <1%
SKF 0.283+0.020 59%
Results are the mean ±SD of 3 cell preparations 
Inhibitor concentration lO'^M
Pig. 4.9
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Inhibition of EROD activity in 4 day rat hepatocyte
cultures after induction by phenobarbitone and
B-naphthoflavone.
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to inducing agents. The inhibition of ECOD metabolism is 
shown in Table 4.8., and Fig. 4.3. aNF and MET had little 
effect on non-induced cultures, while SKF inhibited to 42% 
of the control level. All. three inhibitors were active in 
cultures exposed to phenobarbitone, whereas only aNF 
inhibited cells exposed to 3-naphthoflavone.
Table 4.9. and Fig. 4.9. show the effects of aNF 
and SKF on EROD metabolism. The reaction was partially 
inhibited by aNF in control cultures, and strongly inhibited 
in both induced cultures. SKF also partially inhibited 
the induced cultures, but had no effect on the controls.
iii) Effect on inducing agents on metabolism of a homologous 
series of substituted resorufins
The structure of this series of compounds is given 
below where the substituent group R ranged from -H (R = 0), 
to -0(CH2)8 CH3 (R = 9),
The mono benzyl derivative (R = OCl-^CgH^) was also used.
The method of assay was that used for the measurement of 
EROD activity (R = 2).
The rate of dealkylation of these substrates in freshly 
isolated cells and induced cultures is shown in Fig. 4.10.
Pig. 4.10
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Metabolism of substituted resorufins by freshly isolated
and cultured rat hepatocytes.
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Metabolism of substituted resorufins by phenobarbitone
induced rat hepatocyte cultures.
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Fig. 4.12
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Metabolism of substituted resorufins by B-naphthoflavone
induced rat hepatocyte cultures
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Figs. 4.11 and 4.12 show the metabolism in phenobarbitone 
and 3-naphthoflavone induced cultures expressed as fold 
induction of that in control cultures. BNF caused a dramatic 
increase in activity towards substrates R = 1 to R = 4 with 
a peak at R = 3 .  Metabolism of the monobenzyl derivative 
was increased 50 fold. PB exposure resulted in a smaller 
increase in activity with a broader spread across the 
chain length, and an increase in monobenzyl activity of 
36 fold. The ratio of the fold increase of monobenzyl 
activity to the peak straight chain increase (MB/R = 4) 
was 4.5 in PB cultures and 0.098 in BNF cultures. These 
results were characteristic of those seen with microsomes 
from animals induced in vivo (Thompson 1984).
iv) Carbon monoxide spectra of induced cytochromes
Table 4.10 shows the effect of the inducing agents 
on the total cytochrome P450 content. Phenobarbitone 
treatment resulted in a 4.5 fold increase over that in 
control cultures on day 4. 3-naphtho flavone gave an increase 
of 4.3 fold, and in both cases the final concentration on 
day 4 was higher than that on day 1 when the inducing agents 
were added .
iv) SDS gel electrophoresis of microsomes from induced 
cultures (SDS PAGE)
Cell cultures were pulse labelled with 35S L-methionine
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Table 4-.10... Induction of total cytochrome P450 in rat
hepatocyte cultures by phenobarbitone
and 3-naphthoflavone
Time in culture
Freshly Day Day Day Day
Isolated 1 2  3 4
Control 0.286 0.083 0.078 0.057 0.027
±0.017 ±0.018 ±0.008 ±0.007 ±0.004
PB 2mM - - 0.124 0.113 0.141
±0.026 ±0.019 ±0.026
BNF 20 M - - 0.124 0.109 0.115
±0.026 ±0.020 ±0.011
Results are the mean ±SD of 3 determinations and are 
expressed as nmol/106 cells. Cytochrome P450 determined 
by the method of Omura and Sato (1964)
* Students t distribution function P(t) <0.01 
** P(t) <0.005 
X5K56 P(t) <0 . 002
Compared to control content at day 1
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and the microsomal fractions were prepared as described 
previously 3.2.4. (iv). The microsomes were subjected
to SDS PAGE, and the gel was subsequently cut into 2mm 
strips and radioactivity determined as before. Fig. 4.13 
is a histogram plot of disintegrations per minute (dpm) 
against strip number for control and induced cultures. 
Both 3-naphthoflavone and phenobarbitone treated cultures 
showed peaks at strips 43-44, equivalent to 50,000-52,000 
daltansy which were not present with control cultures.
No discernable differences were apparent in the coomassie 
blue stained tracks from control or induced cells.
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354.13 S L - Methionine incorporation into induced 
hepatocyte cultures.
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10 20 30 40 50 60
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159
4.3. Discussion
Viable isolated rat hepatocytes were successfully 
prepared by both ’slice' and perfusion techniques. The 
metabolite activities of these hepatocytes towards two 
cytochrome P430 substrates (aldrin and 7-ethoxycoumarin) 
were similar. The viability of perfusion prepared cells 
(determined by trypan blue dye exclusion) was however 
greater than that of cells prepared by the slice method, 
and larger cell yields were obtained. Further advantages 
of the perfusion technique were the ability of the technique 
to isolate cells of high viability from sexually mature 
animals and a lower sensitivity to the effect of animal 
strain on isolation success. In view of these results, 
and in order to facilitate tbe comparability of rat and 
mouse data it was decided to use the perfusion technique 
for subsequent studies.
Light micsroscopy of cell cultures stained with Hema- 
toxylin/eosin and oil red '0'together with transmission 
electron micrographs showed apparently normal hepatocyte 
cultures similar to those derived from mouse liver. 
Intracellular ATP and GSH (Non protein sulphydryl) levels 
were comparable both with the data obtained from mouse 
cultures and to that reported in the literature (Grisham 
1979). Again, perhaps the best indicators of overall cell 
viability were the ability of the cells to survive in culture, 
and to undertake phase I and phase II metabolism of the 
substrates investigated.
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Freshly isolated rat hepatocytes possessed normal 
cytochrome P450 content and activities, however both of 
these parameters decreased during the first 24 hours in 
culture. These losses were similar to those reported by 
Paine and Legg (1978) in normal culture media. The foregoing 
indication of cellular viability seemed to suggest that the 
rat hepatocyte cultures were similar to those previously 
used in these laboratories, and to cell cultures developed 
by other workers. The system was thus deemed to be suitable 
for cytochrome P450 induction experiments.
7-Ethoxycoumarin metabolism in hepatocyte cultures 
was increased by exposure to both phenobarbitone and 
3-naphthoflavone. Moreover the nature of the induction 
produced by these two types of inducing agent was dissimilar 
as was evidenced by the inhibition data, the inhibition 
profiles resembling those observed after induction in vivo.
T he increases in ECOD activity were paralleled by an increase 
in cytochrome P450 in induced cultures, increased by day 
4 to a value greater than that in'one day cultures, the point 
at which the inducing agents were added. It would be 
difficult to understand this result if the apparent induction 
had been due to the agent preventing loss of P450 rather 
than inducing protein synthesis. The conclusion that a 
real induction was seen is further supported by the SDS 
Page data which demonstrated increased incorporation of 55S - 
methionine. Increases in cytochrome P450 content or 
activity following phenobarbitone administration have
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previously been reported by other workers (Fry and Bridges 
1980, Stenberg and Gustafsson 1978, Nelson et al. 1982).
Aldrin metabolism was not increased by either phenobarbitone
or 3-naphthoflavone, and this conflict of the ALE and ECOD
data following phenobarbitone exposure, together with the
mouse data provides further reasons to doubt the suitability
of aldrin as a marker for total phenobarbitone induction.
Increases in cultured foetal hepatocyte aldrin metabolism
following phenobarbitone exposure have been reported by
Kremers et al. (1980), however the activity was only
present in hepatocytes cultured in the presence of dexamethasone,
and was still much lower than in freshly isolated adult
hepatocytes. It may be that dexamethasone is required for
the maintenance/induction of the aldrin specific cytochrome
P4-50, or this may be a phenomenon confined to foetal
hepatocytes.
Phenobarbitone increased 7-ethoxyresorufin metabolism 
by twenty fold, but because of the low basal EROD activity 
this still represented a quite low rate. 3-naphthoflavone 
dramatically induced EROD activity, as it does in vivo, by 
240 fold. The EROD inhibition data was as expected, although 
the difference between the two induced cultures seems less 
marked than with ECOD. T his was probably reflects the 
high specificity of 7-ethoxyresorufin for cytochrome(s)
P448, thus even the phenobarbitone induced cultures were 
strongly inhibited by a-naphthoflavone. The low percentage
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inhibition of non.-induced cultures by ct-NF was a reflection 
of the low activity in these cells, which was only marginally 
above the detectable limit.
The use of a family of related substrates, the 
substituted resorufins provided further interesting evidence 
of the differing types of induction pattern seen after 
exposure to phenobarbitone or 3-naphthoflavone. The 
data also successfully demonstrates the type of information 
on subtle changes in substrate specificity that may be 
elicited by the use of such a range of related substrates.
In particular the ratio of metabolism of the monobenzyl 
derivatives over the butoxy derivative was much higher in 
phenobarbitone induced cultures than 3-naphthoflavone 
induced cultures (approximately 45 fold).
Safrole, isosafrole and dihydrosafrole did not produce 
satisfactory induction of ECOD activity. This may have 
been due to a poor choice of substrate, but this is unlikely 
since 7-EC has been reported to be metabolised by the 
cytochrome induced by this class of inducing agents in vivo, 
and will displace some if not all of the metabolised inducing 
agent that is found bound to induced cytochrome P450 
(Ryan et al. 1980). An alternative explanation may have 
been the toxicity of these compounds towards cultured 
hepatocytes. The concentration of inducer used (50pM) was 
the highest that did not cause cell necrosis, and it is 
possible that even this concentration produced undetected
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cell toxicity. Perhaps hepatocytes in culture are more 
sensitive to toxicity than those in vivo, so that in vitro 
it is not possible to achieve a sufficiently high concentration 
for maximal induction. Finally it is possible that 
induction by this class of compound requires the presence of 
a hormone or other stimulus not present in the culture 
system investigated. This last possibility might provide 
a useful opportunity for future studies on the requirements 
for the induction of particular cytochrome P450 groups.
Different types of inducing agents have been studied 
in rat hepatocyte culture by other workers, in particular 
the peroxisome proliferating agents typified by the hypolipid- 
aemic drug clofibrate (Lake et al 1984). This class of 
inducing agent induce a cytochrome P450 with a specificity 
for W-hydroxylation of lauric acid (Parker and Orton 1980,
Orton and Parker 1982). No data is presented here because 
of the problems associated with measuring lauric acid hydroxy­
lation in whole hepatocytes due to further metabolism of 
this substrate, however, experience gained within this 
laboratory suggests that this class of inducing agent 
successfully stimulate the production of the laurate specific 
form of cytochrome P450 in culture. Further studies on 
enzyme induction by this environmentally important class 
of chemical are likely to be of value in determining 
mechanisms of action of these compounds.
The problems experienced in the usd of rat hepatocyte
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cultures for induction studies were similar to those 
encountered with mouse cultures. It should be possible 
however, to use the culture system for the types of study 
previously suggested in chapter 3.
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Chapter 5
Induction of Cytochrome P450 activity in 
primary cultures of guinea pig and hamster 
hepatocytes
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5.1. I NT RODUCTION
Despite the now widespread use of hepatocyte suspensions 
and cultures, the vast majority of this work has been 
undertaken on cells derived from rats, and to a lesser extent 
mice. Collagenase isolation procedures have however been 
found to be successful with a variety of other species, 
including man (Strom et al. 1982), dogs, ferrets (3ones 1978), 
guinea pigs (Arinze and Rowley 1975), hamsters (Poiley et al. 
1979), rabbits (Poole et al. 1982), and chickens (Grieninger 
and Granick .1978). Since one of the main aims of induction 
studies in cell cultures was to facilitate interspecies 
comparisons, particularly in man, it was felt necessary 
to investigate in vitro induction in some other commonly 
used laboratory species. For this purpose guinea pigs and 
hamsters were chosen as they are both often used in toxicology 
studies, and are of convenient size for use in perfusion 
experiments. Cell isolation procedures were therefore 
developed for these species and the inducing effects of 
phanobarbitone and 3-naphthoflavone on induction in the 
cultured hepatocytes examined.
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5.2. RESULTS
5.2.1. Cell Isolation procedures
The two step collagenase perfusion techniques developed 
for rat hepatocyte isolation was used for the preparation 
of both hamster and guinea pig cells as described in MET HODS. 
Other than flow rate changes the only modification necessary 
was to place a ligature on the bile duct when preparing 
guinea pig hepatocytes. This was because of the unacceptably 
high rate of perfusate leakage into the gut, caused by the 
large size of the bile duct in guinea pigs.
Due to the time available, and the fact that development 
of isolation procedures per se were not the primary objective 
of this work, it was not possible to undertake a full 
chacacterisation on these cells, however evidence of their 
viability was obtained from trypan blue dye exclusion test 
(typically >90%), rapid flattening onto culture flasks, and 
ability to metabolise model substrates (Tables 5.1-5) .
5.2.2. Induction of cytochrome P450 activity in guinea 
pig hepatocyte cultures
1) Induction of activity, effect of vitamin C
Hepatocyte cultures were exposed to 2.OmM sodium 
phenobarbitone or 20 pM 3-naphthoflavone on day 1 after 
culture, and their ability to metabolise cytochrome P4-50
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substrates was determined on day 4 as with mouse aud rat 
cultures. The substrates chosen were 7-ethoxycoumarin, 
7-ethoxyresorufin, and aldrin. The effect of exposure 
to phenobarbitone and 3-naphthoflavone on ECOD is shown in 
table 5.1. No significant increase in activity was seen 
in cells grown in normal CL-15 medium, indeed activity 
in those exposed to BNF dropped to 8.9% of that in control 
cultures.
It has been previously reported that dietary vitamin 
C (ascorbic acid) is a requirement for cytochrome P450 
activity in guinea pig liver. (Rikans et al. 1977). It 
was therefore decided to include vitamin C in the medium 
at a concentration of 50mg/L, a concentration used in other 
more complex culture media, and representative of the 
plasma concentration. The results of induction of ECOD 
activity in cells grown in this supplemented medium are also 
given in table 5.1. Phenobarbitone increased ethoxycoumarin 
metabolism by 2.89 fold, while BNF resulted in a small 
increase of 1.24 fold. These results were similar to those 
obtained with microsomes obtained from animals induced 
with these agents in vivo (Table 5.5). In view of these 
results vitamin C was included in subsequent guinea pig 
hepatocyte culture media.
It was also decided to investigate whether vitamin C 
could have had any effect on induction in rat hepatocyte 
cultures. The effect of this supplemented medium on ECOD
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Table 5.1. Induction of 7-Ethoxycoumarin metabolism in
guinea pig hepatocyte cultures
7 hydroxycoumarin
Treatment Free Glucuronide Sulphate Total Fold
increa;
Control 0.10 4.80 3.80 8.70
±0.01 ±0.19 ±0.22 ±0.38
Control 0.08 4.85 3.24 8.17
+ Vit C ±0.01 ±0.16 ±0.16 ±0.29
PB 0.07 4.89 4.66 9.62 xl.ll
±0.01 ±0.18 ±0.06 ±0.15
PB 0.23 13.92 7.42 21.57 x2.64
+ Vit C ±0.02 ±1.53 ±0.50 ±19.9
BNF 0.034 4.95 2.79 7.77 xO.89
±0.01 ±0.58 ±0.12 ±0.71
BNF 0.05 6.48 3.62 10.15 xl .24
+ Vit C ±0.01 ±0.31 ±0.12 ±0.30
Freshly 2.89 12.66 13.48 29.03
Isolated Cells ±0.69 ±0.58 ±0.41 ±1.66
Results are expressed as nmol 7 hydroxycoumarin produced
per 106 cells. Results are the mean ±50 of 3 cell preparations
Vit C medium contained 50mg/L ascorbic acid
Inducing agents added after 1 day in culture, enzyme 
activities measured after 4 days
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and EROD metabolism by rat hepatocyte cultures is shown 
in Table 5.2. No significant difference was seen between 
cultures grown in medium supplemented with ascorbic acid 
and those grown in CL-15 medium,indicating that this phenomenon 
is probably restricted to those species requiring dietary 
vitamin C.
The effect of inducing agents on EROD metabolism by 
cultured guinea pig hepatocytes is shown in table 5.3. A 
small increase of 3 fold was obtained after phenobarbitone 
treatment, and an increase of 16 fold was found after 
3-naphthoflavone treatment, however this latter increase 
was smaller than might have been expected from in vivo 
studies... For comparison the effects seen with microsomes 
following in vivo induction are shown in table 5.5.
Table 5.4 shows the effect of the inducing agents 
on aldrin metabolism by guinea pig hepatocyte cultures.
Neither phenobarbitone nor 3-naphthoflavone increased the 
rate of metabolism, BNF resulting in a marked decrease 
in activity to 36% of the control rate.
ii ) Selective inhibition of cytochrome P45Q after induction.
7-Ethoxycoumarin and aldrin metabolism was determined 
in the presence of inhibitors, as with rat and mouse cultures. 
The effects of the inhibitors on ECOD are shown by table 5.6 
and fig. 5.1. Table 5.8. and fig 5.3. show the inhibition 
of microsomes prepared from animals induced in vivo for
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Table 5.2. Induction of rat hepatocyte cultures grown in 
medium containing Vitamin C
ECOD EROD
nmol/10^cells/Hr nmol/lO^/min
C LI 5 4.41±0.81 0.002+0.001
0 
N 
T 
R
P L15+Vit C 5.30+0.53 0.003±0.001L
L15 10.49 ±1.17 O.O4O+O.OO4
PB
L15+Vit C 10.64+0.29 0.036+0.007
L15 17.01±1. 30 0.480+0.101
BNF
L15+Vit C 17.01±1.16 0.394±0.089
Results are mean ±SD of 3 cell preparations
Vit C medium contained 50mg/L ascorbic acid
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T able 5.3. Induction of ethoxyresorüfin metabolism in 
guinea pig hepatocyte cultures (Vitamin C 
medium)
resorufin Fold
nmol/106/min Increase
Control 0.005±0.003
PB 0 .015±0.005 x3 .0
BNF 0.082±0.012 x!6.4
Results are mean ±50 of 3 cell preparations
Table 5 .4. The Effect of exposure to inducing agents on 
aldrin metabolism by cultured guinea pig 
hepatocytes (Vitamin C medium)
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Treatment Dieldrin produced
nmoi/106 cells/hr Fold change
Control 5.37
±0.58
PB 4.32 xO.80
±0.43
BNF 1.96
±0.15
x0.36
Results are mean ±SD of 3 cell preparations
175
Table 5.5 Metabolism of 7 -EC and 7-ER by guinea pig
liver microsomes following in vivo induction 
by phenobarbitone and j3-rtaphthoflavone
e c o d  ER0D
Treatment nmol/min/mg Fold nmol/min/mg Fold
increase increase
Control 0.45 - 0.062
±0.10 ±0.014
RB 1.57 0.077
±0.32 J ±0.009 *
BNF 0.63 0.342 ' _
±0.12 * ±0.062
Results are mean ±SD of 3 cell preparations, and are 
expressed as nmol/minute/mg microsomal protein
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Table 5.6
T reatment
Control
PB
BNF
Effect of selective inhibitors on 7-Ethoxycoumarin
metabolism by cultured guinea pig hepatocytes
Inhibitor nmol/10^cells/Hr % Control
None 8.1710.29
ONF 3.60±0.08 44%
MET 1.40+0.04 17%
SKF 1.38±0.07 17%
None 23 .5711.99
aNF 10.35-0.08 44%
MET 2.95±0.22 13%
SKF 3.0910.08 13%
None 10.1510.30
aNF 6.58+0.38 65%
MET 5.3210.22 52%
SKF 5.08+0.01 50%
Results are mean ISO of 3 cell preparations
_ £i
Inhibitor concentration 10 M
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Pig. 5.1
Inhibition of 7-ethoxycoumarin metabolism by cultured
guinea pig hepatocytes.
% Control 
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80- 
60- 
40 
20 
0
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n
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|xj w
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Not Induced PB BNP
Results are the mean of three cell preparations
Inhibitor concentration 10~^M
(Data from table 5*6)
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Table 5.7.
Treatment
Control
PB
BNF
Effect of selective inhibitors on Aldrin
metabolism by cultured guinea pig hepatocytes
Inhibitors nmol/10^cells/Hr % Control
None 5.37±0.58
aNF 0.81±0.02 15%
MET 3.51±0.04 65%
SKF 3 .36±0.26 63%
None 4.07±0.43
aNF 0.68+0.05 16%
MET 3.76+0.10 87%
SKF 3.51+0.22 81%
None 1 .96±0.15 -
aNF 0 .31 ±0 .02 16%
MET Î.76+O.O9 89%
SKF 1.67+0.14 85%
Results are the mean ±SD of 3 cell preparations
— 4Inhibitor concentration 10" M
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Pig. 5.2
Inhibition of aldrin metabolism by cultured guinea
pig hepatocytes.
% Control 
100 
80 
60 «
40 - 
20-
0
fc
Es
*
ES
*
ES
JL
Not Induced PB BNP
Results are the mean of three cell preparations.
Inhibitor concentration 10~^M
(Data from table 5*7)
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Table 5.8.
Treatment
Control
PB
BNF
Effect of selective inhibitors on 7-ethoxy­
coumarin metabolism by liver microsomes prepared 
from guinea pigs induced in vivo
Inhibitor nmol/mg/min % Control
None 0.45±0.10
ctf NF 0.30±0.05 66%
MET 0.19± 0.02 42%
SKF 0.20+ 0.02 44%
None 1.57± 0 .32
oCNF 0.59 + 0.20 36%
MET 0.23±0.06 15%
SKF 0.27+0.05 17%
None 0.63±0.11
<*NF 0.25+0.07 40%
MET 0.52+0.07 84%
SKF 0.49+0.08 79%
Results are mean ±SD for 3 animals
-4Inhibitor concentration 10 M
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Pig. 5 . 3
Inhibition of 7-ethoxycoumarin metabolism by guinea
pig liver microsomes.
% Control
BNPNot Induced PB
Results are the mean from three animals.
Inhibitor concentration 10"^M
(Data from table 5*8)
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comparison. Control and PB exposed cells were markedly 
inhibited by metyrapone and SKF 525A, but less so by 
a-naphthoflavone. In BNF exposed cultures the . inhibitors 
were less effective, although metyrapone and SKF 525A were 
still more potent than a-naphthoflavone. The culture 
inhibition profile did not exactly mimic that of microsomes, 
since the control cultures were phenobarbitone like in their 
response, and aNF was not as effective at inhibiting BNF 
exposed cultures as would have been expected. There was 
however a marked difference in inhibition following exposure 
to the two induced agents, and this followed the trends 
observed in vivo»
Table 5.7 and fig. 5.2. show the effects of the 
inhibitors on aldrin metabolism. Little change in inhibition 
profile was seen with either inducing agent, despite the 
decreased activity after BNF treatment, and it is suggested 
that aldrin is therefore not a good substrate for investigating 
phenobarbitone type induction in the guinea pig.
5.2.3. Induction of cytochrome P450 activity in hamster 
hepatocyte cultures
i) Induction of activity
Table 5.9 shows the effect of induction on metabolism 
of ethoxyresorufin and 7-ethoxycoumarin by cultured hamster 
hepatocytes, and these results may be compared with those
given in table 5.10 which are from microsomes prepared from
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animals induced in vivo.
7-EC metabolism was increased by phenobarbitone 2.9 7 
fold to 35.44 nmol/Hr/lO^cells, and by g-nahpthoflavone 
2.95 fold to 35.15 nmol / Hr/lO^cells, (I able 5.9.). In vivo 
induction resulted in approximately 2 fold increases by 
both phenobarbitone and 3-naphthoflavone (Table 5.10.).
7-ER metabolism was increased 5.2 fold after PB treatment 
to 0.021 nmol/10^cells/min compared with an insignificant 
1.1 fold increase in vivo, however this probably reflected 
the very low activity in control cultures compared with 
that in the microsomal preparations from untreated animals.
BNF treatment of the cultures produced a 26 fold increase 
in EROD activity to 0.102nmol/10^/min, compared with a 
2 fold increase to 0.216nmol/mg/min in vivo. I his difference 
probably again reflected the high activity in control 
microsomes. Aldrin metabolism was not investigated in 
hamster cultures because of doubts as to its usefulness 
as a specific cytochrome P450 isozyme marker.
ii) Selective inhibition of cytochrome P450 activity 
after induction
The inhibition of 7-ethoxycoumarin metabolism in 
hamster cultures is presented in Table 5.11 and fig. 5.4, 
while table 5.12 and fig. 5.5 show inhibition results in 
microsomal preparations. Non induced cultures were moderately 
inhibited by all of the compounds studied, while SKF 525A 
markedly inhibited phenobarbitone induced cultures. Cells 
exposed to 3-naphthoflavone were not inhibited at all by
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either SKF 525A, metyrapone, or a-naphthoflavone. In 
comparison the inhibition profile of BNF induced microsomes 
was very weak for metyrapone and SKF 525A, whereas there 
was moderate inhibition by a-naphthoflavone. Phenobarbitone 
induced microsomes were strongly inhibited by aNF and 
metyrapone, and less strongly by SKF 525A. Thus once 
again although clear differences in inhibition profile 
were seen after induction of the cultures with phenobarbitone 
and 3-naphthoflavone the findings showed some distinct 
differences from those in vivo*
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Table 5.9. Induction of 7-EC and 7-ER metabolism by 
phenobarbitone and 3-naphthoflavone in 
hamster hepatocyte cultures
Treatment
ECOD EROD
nmol/10^cells/hr nmol/IO^cells/min
Control 11.90
±0.32
0.004
± 0.002
Phenobarbitone 35.43
± 1.54 (x2 .97 )
0.021 
±0 .010 (x5 .20)
3-naphthoflavone 35.15
±4.00 ( x2.95)
0.102 
±0.026 (x 25)
Results are mean ±SD of 3 cell preparations
Values in parenthesis are fold increases over control
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Table 5.10. Metabolism of 7-EC and 7-ER by hamster
microsomes prepared from animals induced
m  vivo
Treatment
ECOD 
nmol/mg/min
EROD 
nmol/mg/min
Control 3.61
±0.49
0.108
±0.014
Phenobarbitone 7.36 (x2.1) 
±0.52
0.116 (xl.l) 
±0.007
>-naphthoflavone 7 .75 (x2 .2 ) 
±0.47
0.216 (x2) 
±0.004
Results are mean ±SD of 3 cell preparations
Values in parenthesis are fold increases over control
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Table 5.11.
Treatment
Control
PB
BNF
Inhibition
in hamster
Inhibitor
None
aNF
MET
SKF
None
aNF
MET
SKF
None
aNF
MET
SKF
of 7-ethoxycoumarin
hepatocyte cultures
nmol/10^/Hr !
11.90±0.32 
9.71±0.44 
9 .65±0.57 
7.90±0.42
36.44±1.54 
32.51±0.41 
31.40 ±1.41 
8.38±1.10
35.I5±4.00 
37.82±1.84 
35.35±1.2i 
36.69±1.62
metabolism
Control
82%
81%
66%
89%
86%
23%
108%
101%
104%
Results are mean ±SD of 3 cell preparations
Inhibitor concentration 10~^M
Pig. 5.4
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Inhibition of 7-ethoxycoumarin metabolism in hamster 
hepatocyte cultures•
Yc Control
100 -
80 -
60 -
40 -
BNFPBNot Induced
Results are the mean of three cell preparations.
Inhibitor concentration 10~^M
(Data from table 5.11)
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Table 5.12.
Treatment
Control
PB
BNF
Inhibition of 7-ethoxycoumarin metabolism 
by liver microsomes from hamsters induced 
in vivo
Inhibitor nmol/min/mg % control
None 3.61^ 0.48
ONF 1.63±0.30 45%
MET 1.50*0.17 41%
SKF 2.45+0.36 68%
None 7.36±0.52
ONF 2.6410.07 36%
MET 2.02±0.05 27%
SKF 4.14+0.31 56%
None 7.75±0.47
ONF 4.63±0.24 60%
MET 7.05+0.38 89%
SKF 7.O8+O.OÎ 91%
Results are mean ±SD of 3 animals
Inhibitor concentration 10~^M
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Fig. 5.5
Inhibition of 7-ethoxycoumarin metabolism by hamster 
liver microsomes prepared from animals induced in vivo.
% Control
100 -  
80 - 
60 -  
40 - 
20 -
0 *
fa fa
w s
CO *
Not Induced PB BNF
Results are the mean from three animals.
Inhibitor concentration 10“^M
(Data from table 5•12 )
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5.3. DISCUSSION
The aim of this series of experiments was to determine 
whether or not various isozymes of cytochrome P450 could be 
induced in vitro in species other than rat, and if so, 
whether that induction pattern accurately reflected the 
in vivo situation.
Initially, no induction was achieved in guinea pig 
cultures until the culture medium was supplemented with 
ascorbic acid, although supplementation seemed to have 
little effect on viability. This was not entirely surprising 
as guinea pigs have a requirement for dietary vitamin C, 
and this has previously been linked with cytochrome P450 
activity. The mechanism of this effect is not entirely 
clear however, as it has been reported that ascorbic acid 
deficiency does not impair haem synthesis, but may be 
involved in certain aspects of apoprotein synthesis (Rikans 
et ai. 1978, Sikic et al. 1977). The discovery that vitamin 
C was necessary for induction in culture was largely fortuitous 
and emphasises the care necessary with culture systems 
before comparisons between other species in vitro or with 
the in vivo situation can be validly made.
It will also be noted that although vitamin C was 
found to have no effect in the rat cultures, several other 
species also have a requirement for dietary vitamin C , 
notably primates including man, consequently Vitamin C 
supplemented media may be required for culture of hepatocytes
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from these sources. It should be noted that the vitamin C 
content of unsupplemented medium may vary according to the 
source of the donor animals used for the calf serum supply, 
and could conceivably be a source of variability in 
studies on sensitive species.
Phenobarbitone has previously been shown to be an 
effective inducing agent in guinea pigs (Yates et al. 1979, 
Alvares et al. 1970). In the present work induction was 
obtained in culture which compared favourably with results 
from animals induced in vivo* In addition the inhibition 
profile of ECOD metabolism was similar in both cases.
Induction of microsomal P448 activity in guinea pig 
liver has also been demonstrated by previous workers (Kupfer 
et al* 1979, Abe and Wdtanate 1982). Again the present work 
demonstrates that 3-naphthoflavone also induced both ECOD 
and EROD activity in guinea pig cultures. The extent of 
this induction was lower than might have been expected, 
although cytochrome P448 has been, previously reported to 
have a low catalytic activity in guinea pig liver (Abe and 
Watanabe (1983). The inhibition profile of BNF induced 
cultures was distinctly different to that induced by 
phenobarbitone, however ECOD activity was less sensitive 
to aNF inhibition than were microsomal incubations. It 
would seem from these studies that the two types of inducer 
caused the production of catalytically different P450 forms, 
however BNF induction effects differed from those found
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in vivo* This may have been due to the production of a 
different form of cytochrome, but it is more likely that 
since P448 type inducers are thought to stimulate several 
types of enzyme, that a selective induction of one of these 
types may have occurred (Abe and Watanabe 1983 ).
In hamster hepatocyte cultures phenobarbitone successfully 
induced ECOD activity, and this was comparable with the 
induction observed in vivo, however the inhibition profiles 
were different. The inhibition of in vivo phenobarbitone 
induced microsomes was also different to that seen with other 
species, in that aNF was a good inhibitor. Conversely aNF 
was not a good inhibitor of BNF induced microsomes. These 
anomalies serve to highlight the problems encountered when 
comparing one species with another. It seems likely that 
the specificity of the cytochrome forms for particular 
substrates, the profile of isoenzymes induced by specific 
agents, and the effects of particular inhibitors vary widely 
between species.
3-napthoflavone induced both ECOD and EROD activities 
in cultured hamster hepatocytes, however while the 
inhibition profile was again different to that in P B  
induced cultures, it was not identical to that seen after 
in vivo induction, because of the reduced sensitivity to 
aNF in vitro*
In summary both classes of inducers resulted in 
increased metabolic activity towards the expected substrates
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in both species. The composition of the total cytochrome 
P450 profile may however differ subtly between animals 
induced in vivo and cultures induced in vitro, and this 
should be borne in mind in extrapolating any findings.
The apparent difference between in vivo and in vitro 
induction may be a disadvantage for some studies, although 
it could confer some benefits.
Firstly, the induction observed in vivo could involve 
indirect effects, for example the inducing agent could 
act primarily on extra hepatic tissues such as hormone 
secreting organs. Therefore in terms of identifying direct 
effects on the liver, hepatocyte cultures may be useful.
Secondly, a more specific induction in vitro might 
be very helpful in establishing mechanisms and in particular 
obligatory association of particular isoenzyme forms.
The findings illustrate the important point that when 
developing any new culture system, care must be taken 
to ensure that required nutrients are present in the culture 
media used.
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Chapter 6
Development of cell isolation procedure, and 
xenobiotic metabolism activity in freshly 
isolated human hepatocytes.
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6.1. I NT ROD U CT I O N
Despite the now common employment of isolated hepatocyte 
systems, little work has been performed with human cells.
This is perhaps surprising since it is with human tissue 
that isolated cell systems may eventually make their 
greatest contributions. The use of human cell cultures 
potentially enables us to study processes such as enzyme 
induction, which have previously been impractical because 
of ethical or technical considerations. T he ability to 
perform these studies on human tissue will be of particular 
value in toxicology where it is becoming increasingly 
necessary to improve the approaches used for relating the 
results of animal studies to man.
T he primary reason that so few studies have so far 
been undertaken on human hepatocytes is that reliable methods 
for the isolation and culture of human hepatocytes have 
yet to be achieved. Two particular problems arise which 
are not experienced in work on rodent hepatocytes, firstly 
suitable hepatic tissue is difficult to obtain, and secondly 
collagenase perfusion of the entire organ is not practical 
even if a whole liver was available. Previous workers 
have demonstrated explant cultures of liver fragments from 
needle biopsies (Guillouzo et al. 1972). However such 
cultures do not provide the amount of tissue necessary 
for induction studies. Recently Strom et al. (1982) 
have described an adaptation of the perfusion methodology
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for the isolation of large numbers of intact hepatocytes.
This technique requires the selection of a suitable portion 
of liver lobe following removal of the lobe by surgery because 
of a neoplastic lesion. In the Strom et al. studies, the 
piece of liver used had only one cut surface and was 
perfused with a collagenase solution by insertion of catheters 
into every identified vascular orifice on this surface.
An alternative approach is to use the slice method of 
preparation (L«<Wiard et al, 1980), which has the advantage 
that the shape of the liver piece and the access to blood 
vessels is not critical. In this chapter both techniques 
were investigated.
The source of human liver is a more difficult problem, 
and there are three possible methods of obtaining suitable 
tissue. The first of these is to use surplus tissue obtained 
from hospital liver biopsies. These are routinely performed 
for the histopathological diagnosis of a number of disease 
states, and may be taken either surgically or with a thru' 
cut needle. The disadvantages with biopsies are the small 
size of the samples obtained, and the likelihood that the 
tissue is diseased, this being the reason for taking the 
biopsy. Secondly, tissue may be obtained from a liver 
lobectomy, usually because of neoplasia, as it is normally 
necessary to remove an amount of healthy tissue surrounding 
the cancer. Thirdly and probably the most accessible source 
is from cadavers from which donor organs are being removed
199
for transplant. It should be stressed however, that if 
such a source is used, permission must be granted by 
relatives of the deceased donor. All of the samples used 
in the present studies were from the last of these sources, 
and were obtained with the kind assistance of Mr. Johnson 
of the Renal unit at the Manchester Royal Infirmary.
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6.2. RESULTS
6.2.1. Development of cell isolation procedure, slice 
method versus perfusion method
Between April 1981 and April 1983 twelve samples of 
human liver were available which were suitable for cell 
isolation. The liver pieces were removed from the cadavers 
after perfusion with cold saline,immediately after the 
transplant organs had been taken. The samples, typically 
4cm x 2cm x 2cm were transferred to cold L-15 medium 
minus tryptose phosphate broth and serum,and kept on ice 
for transport to the laboratory. This medium war found to 
give slightly better results than phosphate buffered saline. 
The laboratory was situated approximately 15 miles from the 
hospital, and unfortunately therefore the minimum time 
between liver excision and commencement of the cell isolation 
proceduce was about 1 hour, although this may have been 
longer in some cases. It was found to be important that 
the liver was kept cold during this time, failure to do 
so resulting in very low viabilities.
In early studies the cell isolation procedure used 
was a derivative of the slice method for rat cell preparation, 
with two modifications. The concentrations of collagenase 
and hyaluronidase were doubled to lmg/ml and 2mg/ml 
respectively. The period o f incubation with these enzymes 
was increased to 75 minutes. Higher concentrations of
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enzyme, longer incubation times, and several sequential 
incubations with fresh enzyme were tried, but these only 
resulted in similar yields and viabilities. The first 
7 samples had a mean viability of 74.9±6.1 as assessed by 
trypan blue dye exclusion, and were obtained with a yield 
of 3.16±1.60 x 106 cells/gram liver. As a further guide 
to viability, the oxygen uptake of cells isolated from 
sample 2 was determined as 0.246pl 02/rnin/106 cells by
use of an oxygen electrode. This is equivalent to 36.9pl/g 
liver wet weight/min assuming 150 x 106 cells/g, which 
compares favourably with the value of 31.5 pi/g wet weight/min 
for isolated human liver preparations in Krebs phosphate 
medium (Calculated from Hardman 1952). The addition of 
0.2mM 2, 4'dinitrophenol increased the rate of oxygen 
consumption to 0.303 pi 02/min/106 cells, indicating that 
some mitochondrial uncoupling was probably achieved. The 
amount of increase was less than that which can be achieved 
with mitochondrial preparations however. This may have been 
due to conjugation and subsequent excretion of the 2,4- 
dinitrophenol with sulphate, preventing sufficiently high 
intracellular concentrations from accumulating. The 
metabolism of 2,4 dinitrophenol in this manner has been 
noted in previous experiments with rat hepatocytes.
(Wiebkin et al.1979).
In view of the results obtained witb guinea pig 
hepatocytes at this time,it was decided to include Vitamin 
C in the culture medium(50mg/L), since man like the guinea
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pig, has a dietary requirement for ascorbate.
While 75% viability was acceptable, the yield obtained 
was very low, and three principal problems were encountered. 
The human tissue was tough and difficult to slice, and this 
was overcome as far as possible by careful trimming away 
of the capsule and any roughly cut surfaces. Incubation 
with collagenase did not readily break up the integrity of 
the slices and this resulted in problems during filtration 
by bolting cloth. The isolated cells were smaller than rat 
cells and readily formed clumps which gave problems during 
the centrifugation stage of the isolation procedure. A 
higher centrifuge speed was necessary to sediment the cells, 
but unless care was taken this led to the presence of large 
amounts of cell debris in the final preparation.
Three attempts were made to culture cells produced 
by this technique. One succumbed to contamination by bacteria 
while two others failed to attach to the culture flasks, 
possible also due to an unseen slow growing contamination. 
Failure to attach may also have been due to a requirement 
for protein precoated flasks, for example with fibronectin. 
Contamination was a persistant problem with human cells, 
despite the fact that virtually no contamination has been 
experienced with this technique in animal cultures. The 
cultures were contaminated by highly motile rod like bacteria 
which increased the pH of the culture medium and were able 
to spread from one loosely capped flask to another. The 
infection was resistant to penicillin/streptomycin, although
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it was controlled by gentomycin. Eventually the infection 
spread to animal cultures in the same facility, necessitating 
sterilisation of the culture room and all equipment contained 
therein. Despite the effectiveness of the decontamination 
procedure the same infection was seen in some of the later 
human cultures which were discarded immediately. It is felt 
that the contamination was likely to arise from the hospital 
in view of its antibiotic resistance. Other than the 
inclusion of gentamycin in the culture medium it was 
difficult to guard against cultures developing this infection 
while this source of donor tissue was used.
A perfusion method based on that of Strom et al. (1982
see Methods) was then evaluated on two samples of tissue. 
Unfortunately this did not prove successful as the yield 
of viable cells was negligible. This may have been due to 
poor perfusion via cannulated vessels on the cut surface of 
the liver. Alternatively transportation of the liver from 
the site of removal to the laboratory may have taken longer 
in our studies than in those reported by Strom et al. This 
could have had an adverse effect on the tissue.
It was thus decided to return to use of a slice method
of isolation,and attempts were made with the later samples 
to improve the yield. Since the major problem had been one 
of getting the liver slices to break up following enzyme 
digestion,a selection of more aggressive proteases were 
tried which had previously been used by other workers for 
cell isolation (Liddiard et al. 1980). The most successful
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cocktail of enzymes was found to be dispase (3mg/ml), 
collagenase (2mg/ml), hyaluronidase (2mg/ml), and deoxy­
ribonuclease (0.lmg/ml), with an incubation time of 73 
minutes. This methodology resulted in a mean yield of cells 
of 4.9 x 10^ cells/gram from the last two samples with a 
mean viability of 75%. The yield was still much lower than 
that obtained from rat liver by slice techniques (typically 
15-18 x 10  ^ cells/gram), hosever with a sample size of 
approximately 10 gram it was large enough to allow a reasonable 
number of assay determinations to be carried out on one 
sample. The problems of contamination or poor attachment 
were still present, and further development is necessary 
before viable cultures can be obtained.
6.2.2. Xenobiotic metabolism in freshly isolated human 
hepatocytes
Table 6.1. shows the metabolism of 7-ethoxycoumarin 
by six early isolated hepatocyte samples. It will immediately 
be noted that the overall rate of metabolism (0.518±0.185 
nmol/106cells/hr) was much lower (approximately 5%) than 
that seen in animal systems. In addition a much smaller 
proportion of the 7-hydroxycoumarin produced was further 
metabolised to the sulphate conjugate. This may have been 
due to either a genuinely lower metabolic capacity, cell 
damage during isolation, or failure of the trypan blue 
exclusion test to determine viability thus leading to 
overestimation of the number of viable cells. Fig. 6.1.
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Table 6.1. Metabolism of 7-ethoxycoumarin by isolated
human hepatocytes
Donor No. Viability Free 7-OHC Glucuronide Sulphate Total
1 84% 0.131 0.126 0.035 0.292
2 76% 0.332 0.209 0.045 0.576
7 73% 0.307 0.427 0.036 0.770
11 71% 0.231 0.418 0.023 0.672
12 71% 0.283 0.054 0.054 0.391
18 65% 0.285 0.091 0.030 0.406
Mean 73% 0.262 0.221 0.037 0.518
(n=6) ±6% ±0.072 ±0.164 ±0.011 ±0.185
Results are expressed as nmol 7hydroxycoumarin/106 
cells/Hr, and are the mean of 2 determinations 
per sample (minimum)
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Fig. 6.1
Time course of 7-ethoxycoumarin metabolism by isolated 
human hepatocytes.
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Results are the mean of two experiments (Donors No. 1 & 2 ).
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is a plot of ECOE) metabolism versus incubation time for two of 
these samples. It can be seen that while the results are 
typical of those in table.6.1., they show a linear increase 
in metabolites with time, a result which could appear to 
indicate undamaged cells.
Table 6.2. indicates the response of two preparations 
to inhibitors of drug metabolism. a-Naphthoflavone (lO^M) and 
metyrapone (10™^M.) had similar effects on ECOD metabolism, 
inhibiting to 73% and 75% of control respectively. SKF 525A 
(10“^M) was slightly less potent, inhibiting to 86% of control.
Finally Table 6.3 shows the metabolism of 7-ethoxy- 
coumarin and aldrin by cells isolated using the improved 
procedure utilising DNA’ase and dispase. These cells had a 
significantly improved rate of 7-EC metabolism in comparison 
to cells isolated by the earlier procedure (4.5 fold) 
although the relative proportions of the metabolites were 
similar. The rate of aldrin metabolism by hepatocytes 
isolated by the improved method compares favourably with 
other species.
Microsomal fractions were also prepared from the liver 
samples used for cell isolation experiments, and the 
cytochrome P450 activity of these was determined by measuring 
the metabolism of aldrin, 7-EC and 7-ER as for isolated 
hepatocytes. These data are presented in table 6.4.
"Cytochrome P450 content was approximately half that of rat 
microsomes, although the rate of 7-EC metabolism was similar 
to that in rat. EROD activity was higher than that usually 
found in uninduced rat microsomes but less than that in
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Table 6.2. Inhibition of 7-Ethoxycoumarin metabolism 
in isolated human hepatocytes
TOTAL 70HC
Inhibitor Donor No. nmol/106/Hr % Control
None 7 0.770
12 0.391
c<NF 7 0.539 70%
12 0.309 79%
MET 7 0.561 73%
12 0.282 72%
SKF 7 -
12 0.336 86%
Inhibitor concentration 10 M
Mean
Control
74.5%
72.5%
86%
Results are the mean of 2 determinations
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Table 6.3. Drug metabolism by human hepatocytes isolated 
by improved slice procedure
Glucuronide Sulphate Total
Metabolite
1.288 0.150 2.315
- 9.216
Results are the means of 4 determinations and are expressed 
as nmol/10^Cells/Hr.
Liver sample was from donor number 27
Substrate Free
Metabolite
Ethoxycoumarin 0.876
Aldrin 9.216
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Table 6.4. Cytochrome P450 activity in microsomal fractions 
prepared from human liver samples also used for 
hepatocyte isolation
Donor No. Cyt P450 ECOD EROD ALE
(sex, Age) nmol/mg nmol/mg/min nmol/mg/min nmol/mg/min
1 0.495 0.343 0.140
(9 13)
2 0.205 0.346 0.048
(V27)
7 0.448 0.519 0.068 4.39
( 9 37)
11 0.270 0.188 0.154 3.94
(f 16)
12 0.300 0.085 0.018 3.34
(? 19)
18 0.549 0.354 0.051 0.433
( <? 13)
27 0.387 0.671 0.025 -
46)
Mean ■ 0.385 0.358 0.072 3.026
t SD ±0.131 ±0.195 ±0.054 ±1.781
A portion of the tissue sample was homogenised and the 
microsomal fractions isolated. Microsomes were stored frozen 
at -80°C until the assays could be performed.
Cyt P450 - Cytochrome P450
ECOD - Ethoxycoumarin 0-deethylation
EROD - Ethoxyresorufin 0-deethylation
ALE - Aldrin Epoxidatfon
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induced induced preparations. ALE was relatively low in 
comparison with rat microsomes. It can be seen that although 
cytochrome P4-50 content was broadly similar between samples, 
the metabolism of the individual substrates showed considerable 
variations.
This probably reflects the much greater genetic 
variation of the human population when compared to inbred 
animal strains, together with the diverse environmental 
factors to which human individuals are exposed. The 
activities obtained were in general agreement with those 
obtained by other workers (Kremers et all984» Oakobsson 
et al, 1982), and seem to be generally higher than the 
activities of the hepatocyte preparations.
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6.3. DISCUSSION
Development of a human hepatocyte isolation procedure 
proved to be more difficult than was originally anticipated. 
The slice method did work, but the yield was low, and 
the drug metabolism activity of the cells was also lower 
than expected. It is felt that this low activity was probably 
in part due to poor cell isolation since micromal fractions 
prepared from the same liver samples had higher activities 
than the cell preparations (Table 6.4). The inclusion 
of dispase and deoxyribonuclease in the enzyme cocktail 
used for isolation of the hepatocytes significantly improved 
the yield and metabolic activity of the cells, although 
a further increase in cell yield would be an advantage. 
Attempts to utilize the perfusion method o f "Strom et al.
(1982) were not successful, perhaps due to the time which 
elapsed between removal of the tissue and cell isolation.
These experiments do not provide any evidence for 
the value of the inclusion of vitamin C in human cell 
culture media. This vitamin was found to be essential for 
cytochrome P450 induction in guinea pig cultures, and thus 
should probably be included in the media until the requirement 
for it can be ascertained by means of induction experiments 
in culture.
Despite the problems encountered, later results were 
encouraging and it is felt that the quality of the 
preparations produced is nearing the stage where it will
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be predictive of in vivo hepatic metabolism activity.
Because of the infrequency of suitable samples and problems 
of transport, optimisation of this technique could probably 
progress more rapidly if undertaken by workers either in, 
or in close proximity to, a hospital where transplant 
operations were routinely performed. It is suggested that 
in future intracellular co—factor levels should be measured 
in order to determine the condition of freshly isolated 
cells before further work is done on them. Cultures of 
human hepatocytes should also have gentamycin included with 
them to prevent their contamination by antibiotic resistant 
bacteria. It may prove necessary to experiment with other 
culture media, and coated culture surface^, e.g. with human 
fibronectin, in order to obtain better cultures. Human 
serum might also prove preferable to foetal calf serum in 
the culture medium.
It is perhaps questionable to use microsomal enzyme 
activity as an index of.the suitability of cells in culture. 
Thus although it was noted that the drug metabolising ability 
of microsomes prepared from the same liver source as the 
hepatocytes was generally higher than that of the cell 
preparations, it must be remembered that microsomal activities 
were determined under optimised conditions which may never 
occur in intact hepatocytes. Considerable variability was 
found in the metabolism of the chosen xenobiotics by human 
microsome preparations, particularly when compared with in-bred 
animal strains. Care is therefore necessary for the 
interpretation of individual human data.
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Chapter 7
Final Discussion
215
Chapter 7 - Contents
7.1. ISOLATION AND CULTURE OF HEPATOCYTES
7.2. XENOBIOTIC METABOLISM IN HEPATOCYTES
7.2.1. Xenobiotic metabolism in freshly isolated
cells, loss of activity in culture
7.2.2. Induction of monooxygenase activity in
hepatocyte cultures^ characterisation 
by specific substrates and selective 
inhibition
7.2.3. Effect of vitamin C on induction of drug
metabolism activity
216
217
217
218 
221
7.3. IMPLICATIONS FOR FUTURE RESEARCH 223
216
7.1. Isolation and culture of hepatocytes
Methodology has been developed for the isolation of 
hepatocytes from five species including man. The viabilities 
of rat and mouse hepatocytes were investigated by determining 
intracellular cofactor levels, and by microscopy, and were 
found to be at least comparable to hepatocytes prepared by 
other workers (Baur et al, 1975, Hogberg and Kristoferson 
1977). The viability of hepatocytes of all species was 
tested by trypan blue dye exclusion, and the ability to 
perform mixed function oxygenase reactions without the 
addition of cofactors. Rat, mouse, hamster and guinea pig 
hepatocytes were isolated and cultured to confluent monolayers. 
Human hepatocytes, which in the present work were isolated 
by the improved slice technique, have now been cultured 
successfully in human fibronectin coated flasks (K. Joseph, 
personal communication).
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7.2. DRUG MET ABOLISH: IN HEPATOCYTES
7.2.1. Drug metabolism in freshly isolated cells, loss 
of activity in culture
Hepatocytes freshly isolated from rat, mouse, guinea 
pig, hamster, and man all possessed the ability to metabolise 
mixed function oxidase substrates. These activities were 
comparable with the activities normally found in microsomes 
prepared from these species,with the exception of human 
cells in which the activity was lower than expected. The 
results in non-human species were as expected since it has 
been previously reported that the metabolising capacity 
of intact isolated hepatocytes approximately matches that 
in intact liver (Greim 1980).
Aldrin and 7-ethoxycoumarin metabolism in hepatocyte 
cultures from rat, mouse, guinea pig and hamster decreased 
markedly during the first twenty-four hours of culture as 
described by Sirica and Pitot (1980 ) in rat cultures. Aldrin 
epoxidàtion in particular was reduced in hepatocyte cultures. 
The reason for this loss has not been investigated in these 
studies, but could be due to changes in one or more of the 
processes controlling synthesis and breakdown of cytochrome 
P450. Ethoxyresorufin metabolism was not significantly 
decreased in hepatocyte cultures. The reason for this 
differential in the decrease of substrate metabolism may 
be due to differences in stability of cytochrome P450 
isozymes as well as the presence or absence of stimuli
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required for maintaining levels and/or new synthesis in 
the culture system (Guzelian et al. 1977). Recent studies 
by Begue et al. (1983) have indicated that drug metabolism 
activity in human hepatocyte cultures may be kept at a level 
comparable to that in freshly isolated cells by co-culturing 
with a neonatal rat hepatic epithelial cell line. This 
observation suggests that unknown physical cell- cell 
interactions, or the presence of extracellular material or 
matrix produced in these co-cultures may be required for the 
maintenance of some phenotypic characteristics in culture. 
Alternatively, the rat cell line may have been secreting a 
hormone or intercellular messenger responsible for the 
preservation of mixed function oxidase activity.
7.2.2. Induction of monooxygenase activity in hepatocyte 
cultures, characterisation by specific substrates 
and selective inhibition
Induction of cytochrome P450 by phenobarbitone and 
3-naphthoflavone was demonstrated in hepatocyte cultures 
derived from all four rodent species. Induction resulted 
in increased cytochrome P450 content (Rat and Mouse ) and 
increased metabolism of 7-ethoxycoumarin and 7-ethoxyresorufin. 
Aldrin metabolism was induced by phenobarbitone in rat and 
mouse cultures, but not in guinea pig hie patocytes.
Phenobarbitone and 3NF increased the incorporation of 35 5 _ 
methionine into proteins of appropriate molecular weights 
for cytochrome(s ) P450 in rat and mouse cultures. SDS gel
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electrophoresis of microsomes prepared from induced mouse
35hepatocyte cultures showed increased S -methionine 
incorporation following the addition of either inducing 
agent, but into proteins with slightly different molecular 
weight. Unfortunately the technique was not able to resolve 
any difference of molecular weight with rat hepatocyte 
microsomes. The SDS PAGE technique was limited by the 
minimum strip width that it was possible to cut reproducibly 
(2mm), and by the requirement for a very high specific 
activity -methionine. This high specific activity
is necessary because of the very small amount of protein 
present in each gel strip.
Isosafrole was not effective as an inducer of mono­
oxygenase activity in cultured rat hepatocytes, a result 
also obtained by other workers (D.3. Benford, personal 
communication). The reasons for this have been discussed 
in chapter 4, and may either reflect the absence of an 
induction mechanism in the cultures, or a toxicity problem.
Unlike the results obtained with foetal rat liver 
cultures by Owens and Nebert (1975), in the studies reported 
here phenobarbitone appeared to induce a cytochrome similar 
to that observed in vivo, especially in rat and mouse 
derived cultures. This was also the case in the guinea 
pig and hamster hepatocytes, although the results for aldrin 
epoxidation were again anomalous. The difficulties 
experienced with aldrin epoxidation may be explained by 
the recent discovery that in rat at least, aldrin is not
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specific for PB induced cytochrome P450, but its metabolism 
being induced to a greater extent by pregnenolone 16-a- 
carbonitrile ( Newman and Guzelian 1983 ). It is possible 
that aldrin is metabolised by only one of several PB 
inducible isozymes, and that this specific form may not be 
present.in induced guinea pig cultures.
The conclusion that in vitro phenobarbitone induction 
can give similar results to that observed in vivo was 
supported by the induction of enzyme activities characteristic 
of the inducer, and by inhibition profiles very similar to 
those observed with microsomes induced in vivo. The 
inhibition of monooxygenase activity in cultures exposed to 
3-naphthoflavone was completely different from that of 
phenobarbitone exposed cultures. BNF induction also resulted 
in marked elevation of EROD, an enzyme activity highly 
specific to cytochromes induced by this type of inducing 
agent in vivo (Burke and Meyer 1974).
The use of a family of monooxygenase substrates, the 
alkoxy substituted resorufins, provided further evidence 
of the subtle shifts in activity following induction of 
rat hepatocyte cultures. BNF induction resulted in a 
sharply deliniated increase in the metabolism of the ethoxy 
to butoxy derivatives, while PB treatment produced a broader 
but less pronounced increase in activity. The ratio of 
metabolism of monobenzyl/ethoxy derivatives was markedly 
different following exposure to the two compounds. The
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use of such a range of related substrates is likely to be 
of considerable use in the study of cytochrome P450 isozymes. 
Alone or in combination with other model compounds which are 
metabolised differently by these cytochrome forms, for 
example warfarin ( Kaminsky et al. 19 84 )? it could form 
a useful method of isoenzyme profiling.
The studies conducted in this work clearly demonstrate 
that different classes of inducing agents are capable of 
eliciting individual responses from particular isozymes in 
hepatocyte cultures. These are in most respects characteristic 
of the induction seen in vivo» This renders hepatocyte 
culture a potentially attractive system for the study of 
the regulation of xenobiotic metabolism.
7.2.3. Effect of vitamin C on induction of drug metabolism 
activity
It is well established that ascorbic acid deficiency 
in guinea pigs results in decreased mo no oxygenase** activity 
(Rikans et ai. 1977, Sikic et al. 1977). Zannoni et al,
(1972) reported that deficient guinea pigs were still 
able to respond to phénobarbital induction, however although 
the fold induction was the same as achieved in normal 
auimals, the overall activity was less in induced vitamin 
C deficient guinea pigs than in normally induced animals.
It has been suggested that the mechanism of these effects 
is via decreased apoprotein synthesis or increased breakdown 
(Rikans et al,). Either of these effects might be especially
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important in hepatocyte cultures which have a declining 
monooxygenase capacity.
Ascorbic acid w a s  not effective in preventing the 
loss of cytochrome P450 activity in guinea pig hepatocyte 
cultures, but did appear to be necessary for induction by 
either phenobarbitone or 3-naphthoflavone. Guinea pig 
hepatocyte cultures might therefore prove a useful tool 
for elucidation of the precise role of vitamin C in cytochrome 
P450 induction.
Man and other primates also have a dietary requirement 
for vitamin C, and it is likely that cultures derived from 
these species also require ascorbic acid supplemented medium. 
Data on the effects of vitamin C deficiency on drug metabolism 
is scarce, although Wilson et al. (1976) reported that high 
dietary levels of this vitamin had no effect on metabolism 
of monooxygenase substrates. Sikic et al. (1977), reported 
similar results in guinea pigs, and Zannoni et al. (1972) 
demonstrated that in vivo ascorbic acid deficiency in 
guinea pigs had no effect until plasma levels decreased to 
30% of the normal content.
Hepatocyte cultures may prove useful for the investigation 
of this in man, since in vivo studies are impractical.
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7.3. Implications for future research
All of the hepatocyte cultures investigated in this 
thesis showed diminished cytochrome P^ -50 con tent/activity 
when compared with freshly isolated cell suspensions. Despite 
the efforts of many researchers, a satisfactory culture 
system which maintains monooxygenase function in a normal 
state has yet to be developed, no doubt because the complex 
interactions responsible for the regulation of these isozymes 
in vivo are not yet fully understood. Until such a system 
is available, it is unlikely that hepatocyte cultures, as 
opposed to freshly.isolated cells, will be of much use for 
investigating the metabolism of exogenous compounds in vitro.
Fortunately, hepatocyte cultures themselves do promise 
to be excellent systems for the study of regulation and 
induction of the hepatic monooxygenase system. Although 
the observed loss of activity in culture might at first 
appear discouraging, this phenomenon may be of great value, 
since it permits not only the study of induction by 
exogenous compounds,such as phenobarbitone, free of many 
obfuscating factors, but also, enables the investigation of 
the endogenous regulation of the normal constitutive enzymes. 
This is possible since the cultured cells have a low basal 
activity for most reactions. The use of chemically defined 
media should permit the study of the effects of potential 
regulatory messengers, either singly or in combination.
Indeed, it is possible that the concept of a 'normal state '
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is wrong, and that this is merely the response of the 
liver cell to its current endogenous environment. This 
could be one of the reasons why heterogenous populations 
(e.g. man ) differ very considerably in their ability to 
metabolise compounds (Oakobsson et ai.1982, Thompson et al. 
19 84). If such a viewpoint is accepted, it is possible 
that the hepatocyte culture represents a closer approximation 
to a ’normal', uninduced state. This would be true for 
example if the theory suggested by Nebert (1979) is accepted, 
in which the hepatic monooxygenase system is similar to 
the immune system in its ability to respond differently 
to a very large number of compounds. It seems more likely 
however, that cytochrome P450 isozymes are specifically 
encoded by messenger RNAs and hence DNA (Fagan et al. 1983) ,
and are thus limited to a finite number.
Hepatocyte cultures should be valuable not only for
the study of induction of individual isozymes, but also
the determination of which isozyme groups are obligatorily 
induced together.
It is entirely possible that the loss of monooxygenase 
activity in culture is due primarily not to the absence 
of endogenous chemical regulators, but to the changed physical 
environment of the cells. Some answers to this question 
may be obtained from co-cultures of hepatocytes and epithelial 
cells.
The principal techniques used in this thesis to
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determine the induction of multiple isozyme forms, have 
involved 'specific’ substrates and inhibitors. The problem 
of such an approach is that with the possible exception 
of 7-ethoxyresorufin, these compounds are not sufficiently 
specific for individual isozymes. Improved identification 
of these isomeric forms could be obtained by using an 
immunochemical staining technique coupled with SDS-electro- 
phoresis similar to that developed by Guengerich et al. 
(1982b). An alternative approach might be the use of 
highly specific inhibitory monoclonal antibodies in 
conjunction with non specific monooxygenase substrates 
such as 7-ethoxycoumarin.
The progress made with human hepatocytes was somewhat 
disappointing, largely due to problems with the supply of 
suitable tissue and contamination, which hindered effective 
method development. An isolation procedure was developed 
however, and is now routinely used for the preparation and 
culture of human hepatocytes in this laboratory. The 
initial problems of contamination have been overcome by 
the use of gentamycin in the early culture stages. The 
use of these cultures should answer many of the problems 
currently posed by the extrapolation of animal toxicology 
data to man. The applications of these cultures are not 
confined to the study of monooxygenase induction. The work 
described could be used as a oasis for the investigation 
of species differences in xenobiotic metabolism and chemically
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induced hepatotoxicity. The cultures have subsequently 
been used for the elucidation of the mechanism of 
peroxisome proliferation and species comparisons by 
Dr. A. Mitchell (1985), It is envisaged that human cell 
culture systems will play an increasingly important role 
in future toxicology studies.
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